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 Abstract 
The current agriculture practices in Colombia involve the extensive use of chemical 
fertilizers with high market prices geopardizing the financial success of Colombian 
farmers and consumers. As an alternative to their use two processes has been assessed 
from the techno-economic and environmental points of view to produce biofertilizers (biol 
and biosol) and growth plant promoters (GA3) from different agroindustrial residues found 
in Colombia (sugarcane bagasse, oil palm empty fruit bunches, coffee husk and orange 
peel) and Spain (olive tree pruning). The production processes were evaluated as stand – 
alone processes considering low and high-scale processing capacities to evaluate 
economic performance with respect to the raw material availability. Moreover, 
biofertilizers and GA3 production was evaluated as a biorefinery concept, concluding that 
this integrated production approach improve the economic and environmental 
performance of the studied processes. 
 
 
 
Keywords: Biofertilizers production, utilization of agroindustrial residues, 
anaerobic digestion, solid-state fermentation, gasification, economic and 
environmental assessment, computational fluid dynamics. 
 
  
 Resumen 
Las prácticas agrícolas en Colombia actualmente involucran el uso extensivo de 
fertilizantes químicos, los cuales presentan un alto precio de mercado, que ponen en 
riesgo la economía no solo de agricultores sino también de consumidores en el país. 
Como alternativa al uso de estos agroquímicos, se porponen en esta tesis dos procesos 
para la obtención de biofertilizantes (biol y biosol) y promotores del crecimiento celular de 
las plantas (GA3) a partir de diferentes residuos agroindustriales disponibles en Colombia 
(bagazo de caña, racimos vacíos de palma, cascarilla de café y cáscara de naranja) y 
España (poda de olivo) y que fueron evaluados desde los puntos de vista económico y 
ambiental. Los procesos de producción fueron evaluados como planta uni-producto 
considerando capacidades de producción de baja y alta escala con el objetivo de evaluar 
el desmpeño económico con respecto a la disponibilidad de la materia prima. Además, la 
producción de biofertilizantes y GA3 fue evaluada también bajo el concepto de 
biorefinería, concluyendo que este enfoque de la integración de líneas de proceso en una 
misma planta mejora el desempeño económico y ambiental de dichos procesos. 
 
 
 
Palabras clave: Producción de Biofertilizantes, aprovechamiento de residuos 
agroindustriales, digestión anaerobia, fermentación en estado sólido, gasificación, 
análisis económico y ambiental, dinámica computacional de fluidos. 
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 Introduction 
Application field and motivation 
According to the United Nations the world population could reach 9.15 billion persons by 
2050 [1]. This is a worldwide challenge for agriculture since it would be necessary to 
increase the food supply in quality as well as in quantity, and at least a 50% of the food 
production should come from already cultivated soils [2]. These intensive farming 
practices will lead to a further impoverishment of the soil because of the extraction of the 
required nutrients by the harvested plants [3]. The use of fertilizers can increase crop 
yields and soil productivity by replacing soil nutrients consumed in the previous plant 
growth cycle. The use of these agrochemicals is influenced not only by population growth 
but also by economic growth, agriculture production, prices, and governmental policies 
[4]. In 2010 the world demand of fertilizers reached 170.7 million tons, while in 2011 was 
of approximately 175.7 million tons [5]. 
 
Despite of the above mentioned benefits of using agrochemicals in agriculture practices, 
the excessive use and poor application methods of chemical fertilizers can cause 
unwanted side effects. They include a high environmental cost, since its regular use can 
deplete the soil reducing its porosity as well as contaminate underground water and 
contribute significantly to the green house gas (GHG) emissions [6]. Also undesirable is 
market volatility, tending to high prices due to petroleum dependency in the case of the 
nitrogen-based fertilizers and the high extraction costs from a limited number of extraction 
sites in the case of the potash and phosphorous-based fertilizers [7]. In Colombia, 
wholesale prices of agrochemicals such as urea, diammonium phosphate (DAP) and 
potassium chloride (KCl) ranges from 25 to 35% above international prices, while retail 
prices are 15% higher than wholesale prices [8]. Furthermore, approximately 70 and 75% 
of the nitrogen and phosphorous applications, respectively, are lost by soil fixation [7] and 
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the high share percentage of these agrochemicals of the production costs (15-30%) per 
hectare, is placing their future use at risk of become nonviable for Colombia. 
Hypotesis 
It is possible to determine the techno – economic and environmental feasibility of the 
production of biofertilizers from the four main agroindustrial chains in Colombia and the 
principal from Jaen, using a process engineering approach based on modelling, 
simulation and experimentation. 
Objectives 
A techno – economic and environmental assessment of the biofertilizers production from 
five lignocellulosic residues requires research on the following specific objectives: 
 
 Physicochemical characterization of the following lignocellulosic residues: sugarcane 
bagasse, oil palm empty fruit bunches, coffee husk, orange peel and olive tree 
pruning. 
 The techno – economic and environmental assessment of the biofertilizers production 
from lignocellulosic residues through anaerobic digestion and solid state fermentation 
 Experimental production of biofertilizers from lignocellulosic residues. 
 Economic and environmental comparison of the production of biofertilizers and 
bioenergy from lignocellulosic residues 
 Integrated production of biofertilizers, bioenergy and other value-added products from 
lignocellulosic residues under a biorefinery concept. 
 
Thesis structure 
This thesis is divided into the following chapters: 
 
Chapter 1. Plant nutrition and fertilization 
This chapter describes the importance of nutrients for plant growth development. Besides, 
the main considerations of fertilization are introduced. Moreover, a general view of 
fertilizers consumption in Colombia is presented. 
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Chapter 2. Lignocellulosic biomass as feedstock for biofertilizers and Bioenergy 
production 
In this chapter, the use of lignocellulosic residues as feedstock to produce different value-
added products as well as the biorefinery concept is presented. Finally, the selected 
lignocellulosic raw materials for carried out this research in the Colombian and Spain 
contexts are presented. 
 
Chapter 3. Anaerobic digestion process 
In this chapter a literature review of the anaerobic digestion process is presented. The 
main stages of the process as well as the environmental factors that affect the most to the 
performance of the process are summarized. Besides, kinetic expressions used to model 
the biodigestion and the different technologies implemented to carry out the process are 
briefly explained. Moreover, pretreatment methods to enhance the yield of the anaerobic 
digestion are presented. 
 
Chapter 4. Solid state fermentation process 
In this chapter a literature review of the solid state fermentation process is presented. The 
environmental factors that affect the most to the performance of the process are 
summarized. Besides, different technologies implemented to carry out the process are 
briefly explained. 
 
Chapter 5. Materials and methods 
In this chapter the description of the materials and methods used to develop this Thesis 
are summarized. 
 
Chapter 6. Sugarcane bagasse 
In this chapter experimental and simulation results of the production of biofertilizers and 
gibberellic acid from sugarcane bagasse as stand-alone products are presented. Besides, 
two biorefinery scenarios were techno-economic and environmental assessed in order to 
evaluate the influence of integrating the production of biofertilizers and gibberellic acid 
together with other added-value products. 
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Chapter 7. Oil palm empty fruit bunches 
In this chapter simulation results of the production of biofertilizers and gibberellic acid 
from empty fruit bunches as stand-alone products are presented. Besides, two biorefinery 
scenarios were techno-economic and environmental assessed in order to evaluate the 
influence of integrating the production of biofertilizers and gibberellic acid together with 
other added-value products. 
 
Cahpter 8. Coffee husk 
in this chapter, experimental and simulation results of the production of biofertilizers and 
gibberellic acid from coffee husk residue as stand-alone products are presented. Besides, 
two biorefinery scenarios were techno-economic and environmental assessed in order to 
evaluate the influence of integrating the production of biofertilizers and gibberellic acid 
together with other added-value products. 
 
Chapter 9. Orange peel 
In this chapter, simulation results of the production of biofertilizers gibberellic acid and 
electricity from orange peel as stand-alone products are presented. Moreover, the 
experimental characterization was assessed. Besides, and based on the experimental 
results of the physicochemical characterization, two biorefinery schemes were techno-
economic and environmental evaluated. 
 
Chapter 10. Olive tree pruning 
In this chapter, simulation results of the production of biofertilizers, gibberellic acid and 
electricity from olive tree pruning as stand-alone products are presented. Besides, and 
based on the experimental results of the physicochemical characterization, two biorefinery 
schemes were techno-economic and environmental evaluated. 
 
Chapter 11. Conclusions and recommendations 
This chapter presents general conclusions and recommendations derived from this thesis. 
 
 
 
 1. Chapter 1. Plant nutrition and fertilization 
Overview 
Soil nutrient depletion is exacerbating soil degradation and jeopardizing agricultural 
sustainability. Directly or indirectly plants are the food source for all living beings. 
However, they require adequate quantities of mineral nutrients in the proper balance for 
basic physiological processes, such as photosynthesis, and to promote rapid growth and 
development. Without an adequate supply of mineral nutrients, growth is down and plant 
vigor is reduced. In this chapter, the main considerations of plant nutrition and fertilizers 
are introduced. Moreover, a general view of fertilizers consumption in Colombia is 
presented. 
1.1 Plant nutrition 
Plant growth is the result of a complex process, whereby plants synthetize its own food in 
the form of carbohydrates from sunlight, water and carbon dioxide in a process called 
photosynthesis. The plant energy provided by these carbohydrates combined with mineral 
nutrients absorbed from soil, are used to produce proteins and other compounds 
necessary for basic metabolism and growth [9]. For proper crop development, most of the 
plants require between 16 to 20 essential nutrients (SeeTable 1-1) and are classified as 
macronutrients and micronutrients [2, 10]. Three of these nutrients (carbon, hydrogen and 
oxygen) are obtained through the photosynthesis process from the carbon dioxide in the 
air, and through the water uptake from the soil, while the remaining are extracted from soil 
to make up the bulk of plant weight, as is shown in Figure 1-1. To be considered an 
essential nutrient, an element must meet three basic criteria established by D.I Arnon and 
P.S. Stout in 1939 [10, 11]: 
 
 The element absence makes it impossible to complete the life cycle of the plant. 
 The element cannot be replaced by another element. 
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 The element is directly involved in plant metabolism (It is required for a specific 
physiological function). 
 
Table 1-1: Essential nutrients required for plant growth 
Essential nutrients required for plant growth 
Macronutrients Micronutrients 
For all For some 
Nitrogen 
Phosphorous 
Potash 
Calcium 
Magnesium 
Sulfur 
Iron 
Manganese 
Boron 
Molybdenum 
Cupper 
Zinc 
Chorine 
Sodium 
Silicon 
Cobalt 
Vanadium 
 
 
Figure 1-1: Elemental composition of plants in dry matter [2, 12]. 
 
 
 
As shown in  
, nitrogen, potash, phosphorous, sulfur, calcium and manganese are considered 
macronutrients, because of being present in plant tissues in a percentage higher than 
0.1%. Nitrogen, potash and phosphorous, together with carbon, hydrogen and oxygen are 
the major constituents of plant structural molecules. Moreover, sulfur, calcium and 
manganese perform functions related to water and protein conformation (Table A- 1). 
44% 
42% 
7% 
42% 
28% 
14% 5% 
5% 
2.8% 
0.06% 
7% 
Oxygen Carbon 
Hydrogen Nitrogen 
Potash Phosphorous 
Calcium Magnesium 
Sulfur Others (Cl, Fe, Mn, Zn, B, Cu, Mo) 
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Besides, all the macronutrients are involved in other basic plant metabolism functions [2, 
13]. On the other hand, micronutrients are frequently toxics at high concentrations. Most 
of these elements work as components of essential enzymes and in absorption and 
assimilation of the macronutrients [13, 14], as shown in Table A- 2. 
 
Plant growth involves the interaction between soil and plant properties. One of the most 
important soil functions in supporting the plant growth is storing and supplying the 
essential nutrients, which are absorbed by the root plant from water and soil. Soil having 
the properly biological, chemical, and physical conditions required for the plant root 
system to absorb nutrients and water guarantee an optimum plant development [15]. For 
instance, soils with high clay or organic matter contents can hold water and nutrients 
much better than sandy soils. Although, even if the soil have proper nutrient contents, the 
supply to the crops is limited because of its release rate to the root plants and the nutrient 
removal due to harvesting practices. Moreover, the nutrient uptake efficiency of plants is 
generally bellow 50% [15]. The nutrient fraction assimilated by the roots depends on 
several factors such as plant species, growth stage, roots depth and distribution, moisture 
conditions and soil temperature among others. For instance, perennial grasses usually 
are more efficient in nutrient uptake than row crops. 
 
Deficiency of any of the essential elements influences either the leaves appearance or the 
plant growth rate, because not only the photosynthesis but also the metabolic processes 
may be affected [16-18]. Therefore, in order to obtain good crop yields, it is important to 
have the adequate nutrient management for maintaining soil fertility and thus providing a 
proper balance of the required nutrients [19, 20]. Soil nutrient depletion can be caused by 
one or more factors, e.g. crop removal, continuous cultivation, erosion, leaching, 
excessive irrigation, drainage, grazing and burning of vegetation (See Table 1-2). 
 
Currently, the main method used to restore soil nutrients is the application of inorganic 
fertilizers. Although, crop rotation and regular fallow periods, together with spreading of 
animal manure, allowed the soil to recover some of its fertility. 
1.2 Fertilizers: Definition and classification 
Fertilizers are defined as products that improve the availability of plant nutrients and/or 
the chemical and physical soil properties by either directly or indirectly enhancing plant 
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growth, yield and quality. Fertilizers are classified according to its chemical composition in 
inorganic fertilizers, organic fertilizers and synthetic soil conditioners. 
 
Table 1-2: Factors causing soil nutrient losses [21-23] 
Factor Description 
Crop removal and 
continuous cultivation 
After each harvest a large amount of the nutrients used in 
agriculture leave the soil with crops supplied to external food 
and feed markets 
Erosion Nutrients or organic matter from the topsoil are washed away by 
surface water runoff along with the soil 
Leaching Rainfall water, that infiltrates into the soil by the percloration 
process, moves through the soil washing off the nutrients from 
the soil particles and down into the soil below the root zone, 
making them not available to the plants. 
Excessive irrigation Although irrigation is needed during dry periods or in semi-arid 
regions to maintain the proper soil moisture, excessive irrigation 
leads to leaching. 
Drainage Excess water removal when land is waterlogged, nutrients may 
be drained away along with the removed water. 
Grazing Soil nutrients may be lost because of the accelerated erosion 
caused by this practice. 
Burning of vegetation Most of the nutrients in plant vegetation and can be 
concentrated in soluble form and can be lost by volatilization, 
leaching and runoff losses as a result of this practice. 
1.2.1 Inorganic fertilizers 
An important concern in developing and least developed countries is soil nutrient 
depletion since it is linked to low agricultural productivity and food insecurity [21, 23]. 
Nutritional needs of crops were discovered in the mid-nineteenth century. By this time, 
soil fertility was maintained mostly by recycling organic materials and crop rotations 
(including N-fixing leguminous crops) [24]. However, these agricultural practices result in 
insufficient food production for a rapidly increasing world population. Production of mineral 
fertilizers started about 1880 and their use became a common agricultural practice in the 
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1920s and was adopted on large scale around 1950 [25]. Nowadays, commercial fertilizer 
is now used in 40-60% of the world food production [24], while its worldwide production by 
2009 was 400 million tons approximately [26]. Chemical fertilizers used in agriculture for 
supplying plant nutrients include N, P, K, and combinations of them (See Annex B). 
1.2.2 Organic fertilizers 
Agricultural practices relying on the high amounts of agrochemicals (i.e. inorganic 
fertilizers, pesticides, and other amendments) can overcome specific soil constraints to 
crop production. However, especially in the most intensively managed systems, this has 
resulted in continuous environmental degradation, which may include [27]: 
 Deterioration of soil quality and reduction in agricultural productivity due to nutrient 
depletion, organic matter losses, erosion and compaction. 
 Pollution of soil and water through the over use of fertilizers and the improper use and 
disposal of animal wastes. 
 Increased incidence of human and ecosystem health problems due to the 
indiscriminate use of pesticides and chemical fertilizers. 
 Loss of biodiversity due to the use of reduced number of species being cultivated for 
commercial purposes. 
 Loss of adaptability traits when species that grow under specific local environmental 
conditions become extinct. 
 Loss of beneficial crop-associated biodiversity that provides ecosystem services such 
as pollination, nutrient cycling and regulation of pest and disease outbreaks. 
 Soil salinisation, depletion of freshwater resources and reduction of water quality due 
to unsustainable irrigation practices throughout the world. 
 Disturbance of soil physicochemical and biological processes as a result of intensive 
tillage and slash and burning. 
 
To contrarest all of these environmental concerns, the application of organic fertilizers has 
been implemented during the last years, replacing fully or partially the use of inorganic 
fertilizers. Organic fertilizers are materials derived from vegetable matter, animal matter or 
human excreta, that besides to provide different nutrients to the soil, also provide organic 
matter and living organisms to support microbilogical life in the soil and to improve soil 
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structure and physical properties. The main organic fertilizers used in agricultural 
practices currently are peat, animal wastes, plant wastes and sewage sludge. 
1.2.3 Soil conditioners 
A soil conditioner is a product which is added to the soil to improve its physical qualities, 
especially its ability to provide nutrition for plants. In general usage the term soil 
conditioner is often thought of as a subset of the category soil amendments, which more 
often is understood to include a wide range of fertilizers and non-organic materials. Soil 
conditioners can be used to improve poor soils, or to rebuild soils which have been 
damaged by improper management. They can make poor soils more usable, and can be 
used to maintain soils in peak condition. 
1.3 Use of fertilizers in Colombia 
The agricultural sector in Colombia is one of the main economic engines in the country, 
representing 9.2% of the Gross Domestic Product (GDP), 19% of the national exports and 
generating the 19.7% of the employment [28]. Approximately 55.2% of the annual 
production of the sector corresponds to agricultural production while the remaining part 
corresponds to livestock production. From the total agricultural production, approximately 
66% corresponds to permanent crops and the other 34% to temporary crops. 
 
According to the Sociedad de Agricultores de Colombia (SAC) [29] and the Consejo 
Nacional de Política Económica y Social (CONPES) [26] fertilizers represent between 4 to 
61% of the costs per hectare of production of some Colombian crops (See  
 
Table 1-3). Most used fertilizers in Colombia are urea, diammonium phosphate and 
potassium chloride [26]. Moreover, according to the World Bank [30] in 2010 Colombia 
was the second largest fertilizers consumer in Latin America after Costa Rica, based on 
the kg used per ha of arable land (See Figure 1-2), with a total fertilizers consumption of 
approximately 943.5 million tons (For 2.1 million ha of arable land in 2010) [30]. 
 
The high fertilizers consumption in Colombia is related to the low-fertility of the most part 
of the soils in the country (See Annex C), which is reflected in conditions such as high 
acidity, high-content of aluminium (Al) exchengable, low-content of nutrient elements 
(Phosphorous P, Potash K, Calcium Ca and Magnesium Mg) and low-capacity for 
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supplying essential nutrients such as nitrogen (N) and sulfur (S) due to either its low-
content or the low-quality of organic matter accumulated in soil, among others. 
 
Table 1-3: Fertilizers participation into costs per ha of the production of some 
Colombian crops [26, 29]  
Crop 
Fertilizers participation 
(%) 
References 
Beans, Soy, Wheat 12.6 [29] 
Peas, Tomato, Bean, Onion, Carrot 11.5 [29] 
Potato 17-21.8 [26, 29] 
Permanent and Semi-permanent fruits 
(Avocado, Banana, Citric, Strawberry, 
Soursop, Apple, Mango, Passion fruit, 
Blackberry, Pineapple, etc.) 
10.8-21 [26, 29] 
Cocoa 7.4-25 [26, 29] 
Traditional coffee 13.1-33 [26, 29] 
Technicized coffee 16-39 [26] 
Sugarcane 12-22 [26, 29] 
Panela cane 9.9 [29] 
Plantain 51-61 [26] 
Export banana 12-16 [26] 
Mechanized white maize 12.6-28 [26, 29] 
Mechanized yellow maize 13-18 [26] 
Cotton 12.6-27 [26, 29] 
Irrigated rice 21-23 [26] 
Upland rice 19-21 [26] 
Spring onion 11.5-19 [26, 29] 
Oil palm 11-29 [26] 
Rubber 10-33 [26] 
Sorghum 12.6-28 [26, 29] 
Pasture 4-7 [26] 
 
Figure 1-2: Fertilizers consumption in Latin America (kg per ha of arable land) [30]. 
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On the other hand, high fertilizers market prices in Colombia are due to the amendment 
and fertilizers production processes mainly consist on mixing essential and secondary 
nutrient-based commercial fertilizers with organic matter [31] and almost all the essential 
nutrient-based fertilizers (85%) consumed in the country are imported, mainly from 
Norway (43%), Russia (11%), Chile (10%) and United States (7%) [32]. 
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 2. Chapter 2. Lignocellulosic biomass as 
feesdtock for biofertilizers and bioenergy 
production 
Overview 
The replacement of the fossil raw materials either fully or partially is an objective in many 
countries, including Colombia and Spain. It is of special interest to use local biomass such 
as agricultural, forest, agro-industrial and industrial byproducts, due to their low cost and 
large availability. In this chapter, the use of lignocellulosic residues as feedstock to 
produce different value-added products and the biorefinery concept for their efficient 
production are presented. 
2.1 Integral use of lignocellulosic byproducts 
Currently, most energy and chemicals are derived from fossil raw materials, although 
there are several environmental, economic and social concerns related to their extraction 
and use. These facts have increased the interest in the use of renewable raw materials. 
Lignocellulosic biomass represents the major renewable source of potentially fermentable 
carbohydrates and it is mainly composed of cellulose, hemicellulose and lignin. The 
lignocellulosic complex constitute the principal component of most agricultural, forestry 
and municipal solid waste and the byproducts of the agroindustry, food industry and other 
industrial sectors [33]. Its composition, availability and renewability have increased the 
scientific and academic interest for evaluating the production and recovery of a wide 
range of value-added products, such as enzymes, reducer sugars, furfural, biofuels, 
proteins and amino acids, lipids, organic acids, phenols, activated carbon, biopolymers, 
cosmetics, biosorbents, resins, medicines, bioenergy, biopesticides, biofertilizers, 
secondary metabolites, biopromotores and surfactants, among others [12, 33-50]. 
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Depending on factors such as residue type and amount and the final use of the product 
obtained by the biomass processing, a wide range of conversion technologies are 
available. These are classified into thermochemical, biochemical and chemical 
conversions as shown in Figure 2-1. 
 
Figure 2-1: Conversion routes of the lignocellulosic biomass (Adapted from [51]) 
 
 
Thermochemical processes involve irreversible chemical reactions at high temperatures 
and different oxidation conditions. Into this classification, pyrolysis, gasification and 
combustion are included and they differ not only in process parameters but also in the 
products obtained. The biochemical conversion covers those processes in which the 
action of microorganisms or enzymes is involved for obtaining value-added products. The 
biochemical processes are referred mainly to a) fermentation, where a wide range of 
products such as ethanol, xylitol, gibberellic acid and compost, among others are 
produced and b) anaerobic digestion where biofertilizers and biogas are produced. 
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In this study, two biochemical routes and one thermochemical route have been 
considered to obtain biofertilizers and bioenergy from lignocellulosic residues: Anaerobic 
digestion (AD) and solid state fermentation (SSF). On the other hand, bioenergy 
production through gasification has been applied. 
2.2 Biorefinery concept 
Analogically to the refinery concept, in a biorefinery a wide range of marketable bio-based 
products, e.g. food, biofuels, biomaterials and biochemicals, are obtained through the 
sustainable processing of the raw material [38-40]. The main differences between a 
refinery and a biorefinery are the nature of the raw material (which in a biorefinery is 
biomass) and the possibility of applying different existing and emerging technologies to 
obtain the bioproducts. Furthermore, in a biorefinery not only the products obtained in an 
oil refinery, but also products that cannot be obtained from crude oil, are included. 
 
Biorefining embraces to assess and use a broad range of technologies to separate the 
biomass into its principal constituents e.g. carbohydrates, proteins, oils, to be 
subsequently transformed into value–added products. A biorefinery comprises three main 
process operations: The first stage comprises the raw material supply. Second and third 
stages correspond to separation and conversion, respectively. For the first stage, 
agriculture, forest and agroindustrial materials as well as waste streams can be 
considered as feedstocks. The separation stage is generally referred to the pretreatment 
of the raw material to generate starch, cellulose, hemicellulose and monomeric sugars, as 
carbohydrates sources; lignin as aromatics source; and, hydrocarbons in the form of 
triglycerides. After the pretreatment, the biomass components are subjected to a 
combination of conversion technologies to obtain a bio-based family of specialty 
chemicals and fuels [52-59]. 
2.2.1 Feedstocks and products 
The biomass is synthesized by plants through the photosynthesis process, after both 
atmospheric carbon and water are converted into sugars. The main components of 
biomass are cellulose, hemicellulose and lignin. Cellulose represents between 40-50% of 
this complex, while hemicellulose and lignin represent 20-30% and 15-20%, respectively 
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[60]. Other compounds such as proteins, terpenes, minerals, colorants, vitamins, flavors 
and lipids/oils, are also present in these feedstocks [57, 61]. Therefore, the aim of a 
biorefinery is the fractionation and further processing of the biomass in order to obtain 
value-added products with production volumes generally inversely proportional to its 
commercial values. In a biorefinery one or several low-volume and high-volume chemical 
products are produced such as high-volume/low-value liquid fuel and low-volume/high-
value specialty chemicals together with power as electricity and process heat meeting 
national needs and reducing green house gas emissions [62-67]. 
 
Biomass resources to be used as raw materials in a biorefinery can be classified into first, 
second and third generation feedstocks. First generation feedstocks include edible crops 
such as sugarcane, oil palm, maize and fruits, among others. Non-edible energy crops, 
e.g. Jatropha, as well as crop residues, sustainably-harvested wood and forest residues, 
and clean municipal and industrial wastes are considered as second generation 
feedstocks. Finally, microalgae are considered as three generation feedstock. Moncada et 
al [39] classified the products into the following six categories: biofuels, bioenergy 
(referred as direct energy), biomolecules and natural chemicals, biofertilizers, biomaterials 
and food products, as the Figure 2-2 shows. 
 
Feedstocks included into the first generation category are not only renewable, but also 
have feed/food uses. Although, these rely on the high productivity of the crops, the 
population increase has resulted in concerns about competition with food needs [34, 68]. 
Second generation feedstocks are not directly used as food, although some of them are 
used as livestock feed. Second generation feedstocks are more beneficial than first 
generation feedstocks in terms of efficient use of land and proper environmental 
management. Furthermore, these raw materials are leading the way to sustainably 
meeting energy needs while also supplying materials for chemical and manufacturing 
industries. Besides, the use of organic wastes as raw materials is especially beneficial: 
When these residues are disposed of in a landfill, it decomposes and releases methane, 
which is a potent global warming gas. Thus, processing these wastes to obtain value-
added products reduces landfill volume and methane emissions [68]. 
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Third generation feedstocks are considered a viable resource without the disadvantages 
associated to the first and second generation feedstocks. Microalgae are single-celled 
photosynthetic organisms located in different environments, under a wide range of 
conditions such as temperature, pH and nutrient availability. Furthermore, microalgae 
have a very high photosynthetic efficiency, contributing to the sequestration of 
atmospheric carbon dioxide. In addition, the residues from the algae processing can be 
included into the second generation feedstocks (See Figure 2-2). 
 
Figure 2-2: Feedstocks and products classification [12, 39] 
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2.2.2 Processes 
Regarding to the processes, four main groups are applied in biorefineries: 
thermochemical, biochemical, mechanical and chemical processes. In order to convert 
the biomass fed to a biorefinery into value-added products, different combinations of 
processes can be implemented. Mainly three processes are considered into the first 
group: Direct combustion, gasification and pyrolysis. In the direct combustion process the 
biomass is oxidized to obtain heat and electricity. The gasification process is carried out in 
low oxygen environments and at temperatures over 700 °C, to obtain syngas, which can 
be either used directly for producing heat and electricity or further converted into 
chemicals or fuel. Finally the pyrolysis process proceeds in an oxygen free environment at 
temperatures range between 300-600 °C, converting the biomass into oil, charcoal and a 
gaseous phase similar to the syngas. Currently, the oil and char obtained from this 
process can be used as fuel in stationary combustion operations [69]. However, using the 
pyrolysis oil as transportation fuel is still under research [67]. 
 
With respect to the biochemical route, two processes integrate this group: AD and 
fermentation. In the case of the AD, two products are obtained: The biogas, which consist 
of methane and carbon dioxide and can be used directly or upgraded to biomethane by 
removing the carbon dioxide to be further either delivered to the natural gas grid or used 
as vehicle fuel [69]. Besides the gas phase, a sludge with fertilizer qualities which consists 
of a liquid and a solid fraction is obtained [70]. In the case of the fermentation process, the 
main products are alcohols and organic acids through using microorganisms or enzymes. 
 
Generally, mechanical processes are done in order to change the particle size, shape and 
bulk density, such as the mechanical size reduction, which commonly is the first step in a 
biorefinery. On the other hand, for processes as the adsorption and extraction, the aim is 
to separate and/or concentrate the substrates, intermediates or final products into their 
components [69]. The latter group includes a broad range of chemical reactions such as 
the hydrolysis and the transesterification processes [38, 39, 69]. 
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2.3 Colombian lignocellulosic wastes as potential 
feedstocks for valuable products 
Because of its geographic location and its wide range of climates, Colombia is the third-
ranked country in the world in terms of biodiversity, housing approximately the 10% of the 
world species, and the fourth-ranked in terms of hydrographic resources [71]. According 
to the Departamento Administrativo Nacional de Estadística (DANE), from 2000 to 2009, 
agriculture contributed an increase of 27.4% to the Colombian Gross Domestic Product 
(GDP). Furthermore, the World Trade Organization reported that the agroindustrial 
exports represented for Colombia approximately 30% of its total exports [72]. It is 
estimated that approximately 44.77% of the continental surface of the country 
(approximately 11.2 million ha) is destined to agricultural activities [73]. Figure 2-3 shows 
the use share of the land in Colombia. Although Colombia counts with approximately 21.5 
million ha that could be dedicated to agriculture, just 4.9 million ha are actually used. In 
contrast, only 20 million ha are suitable for livestock, but almost 38.6 million ha are 
currently used for this activity [74]. 
 
Figure 2-3: Land use share in Colombia [74, 75] 
 
 
By 2005, approximately 4.1 million ha were dedicated to perennial and annual crops [73], 
which correspond to the 98% of the agriculture production while the remaining 2% 
corresponds to fallow areas [75]. In Colombia, the cutting and transformation processes of 
the different crops lead to the generation of more than 27 million tons of wastes per year 
[50, 73], some of them shown in Annex D. These agricultural crop residues can be 
classified as field and processing residues [73, 76]. Residues left in an agricultural field 
after harvesting the crop such as empty fruit bunches from palm plantations; discarded 
fruits, leaves and stems, straw and stalk and seed pods are considered field residues. On 
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the other hand, materials obtained as byproducts after processing the crops such as 
husks, seeds, bagasse and roots are classified as processing residues. According to the 
Ministerio de Minas y Energía [73], 75% of the total biomass produced by the agricultural 
sector in Colombia corresponds to crop residues, while processing residues represent the 
remaining 25%. Although 100% of the processing residues can be recovered to obtain 
valuable products such as energy and biofuels, a percentage of the field residues should 
be recycled onto the land. Field residues protect the soil from erosion, helps to build 
organic matter and contribute nutrients back to the soil. The percentage of residue 
removal depend on the specific local climatic and soil conditions [77]. However, it is 
estimated that the residue removal can reach 35% without adverse effects on future 
yields [77]. Some of the most important agroindustrial residues in Colombia are presented 
in the following sections. 
2.3.1 Sugarcane bagasse (SCB) 
Sugarcane (Saccharum officinarum) is one of the most important crops in tropical 
countries such as Brazil and India and it is mainly used either in the form of cane juice or 
cane molasses to produce fuel ethanol. Colombian sugarcane is the main feedstock for 
the production of sugar as both food and food additive and fuel ethanol as in the case of 
the Colombian gasoline oxygenation program [38]. In Colombia, sugarcane is cultivated in 
six departments: Valle del Cauca, Cauca, Risaralda, Norte de Santander, Cesar and 
Caldas. However, zones close to the Valle del Cauca River (Valle del Cauca, Cauca and 
Risaralda) located in the southwestern part of country; concentrating the highest 
harvested area (See Figure 2-4). In 2010 approximately 20.3 million tons of sugarcane 
were produced from 218 thousand ha of planted area in this region, representing 
approximately 99% of the total production in Colombia [78]. Sugar and alcohol facilities in 
Colombia are concentrated in the Valle del Cauca River, where 5 sugar mill producers 
operate with daily ethanol capacity production ranging between 100000-300000 L/day 
(See  
Table 2-1). The main lignocellulosic byproduct from sugarcane processing is SCB, with a 
national average yield of 25 Ton per 100 Ton of sugarcane [79]. 
 
 
 
 
Figure 2-4: Harvested area of sugarcane by departments. 
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Table 2-1: Sugar mill and alcohol industries in Colombia [80]  
Sugar mill industry 
Ethanol production 
(l/day) 
Sugarcanea 
(Ton/day) 
SCBb,c 
(Ton/h) 
Risaralda 100000 4150 42 
Mayagüez 150000 6300 67 
Manuelita 250000 10300 67 
Providencia 250000 10300 114 
Incauca 300000 12500 136 
a Calculated using the national average yield of 1.9 Ton ethanol/100 Ton sugarcane [79] 
b Calculated based on the national average yield of 25 Ton bagasse/100 Ton sugarcane 
[79]. 
c Wet basis, national average moisture content of 47% [79]. 
 
Besides in Colombia SCB is also obtained in low quantities as a residue from the panela 
production process with an average yield of 452 kg of bagasse per Ton of sugarcane [81]. 
Panela producers are classified according to the panela production capacity in middle-
scale producers, low-scale producers and smallholders [82] as shown in  
Table 2-2. 
 
 
Table 2-2: Classification of panela producers [82] 
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Classification 
Panela production 
capacity (kg/h) 
Sugarcanea 
(kg/h) 
SCBb,c 
(kg/h) 
Middle scale 150 – 300 1250 – 2500  570 – 1100 
Low-scale 50 – 150 420 – 1250 120 – 570 
Smallholders < 50 < 420 < 120 
a Calculated based on the yield of 8.35 kg of sugarcane/kg of panela for traditional 
production [82] 
b Calculated based on the average yield of 45.2 kg of SCB/100 kg of sugarcane [81] 
c Wet basis, national average moisture content of 50% [83] 
 
The Congress of Colombia issued the Act 693 of 2001 mandating the addition of 10% (by 
volume) bioethanol to gasoline in cities with more than 500 hundred inhabitants. Thus, 
since November 2005, ethanol is being progressively added to gasoline consumed in 
several cities in the country. Because ethanol production in Colombia has always been 
directly linked to the already well-established national sugar sector, the mandatory 
blending did not affect in a significant way the expansion of areas dedicated to sugarcane 
production [84]. The sugar industry in Colombia possesses the highest indices of 
productivity in the world, reaching a production rate of 9 thousand liters of 
ethanol/year/hectare. Some studies attribute the high yields to the simultaneous effect of 
the tropical climate, the fertile soils of Valle del Cauca and a year round harvest cycle and 
the effect of sustained investments in applied research and development in crop 
management and agricultural practices [84]. 
 
Recently, electricity and steam as direct energy are produced through cogeneration 
schemes from sugar cane bagasse. This energy is generally used in the different 
production processes of cane (e.g., sugar production, ethanol production) and only the 
electricity surplus is commercialized [38]. 
2.3.2 Oil palm empty fruit bunches 
Oil Palm (Elaeis guineensis) is a tropical crop, which grows along equatorial zone. 
Although higher yields are obtained in wet regions (precipitation of 2200 a 3500 mm.), 
high solar radiation and temperatures between 25 to 28°C are also required for this crop 
[85]. The growth cycle of this perennial crop takes approximately 36-40 months. Oil palm 
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plantations have high initial costs, with a first harvest after 5 years, and after 7-12 years 
the oil palm crop is most productive, when this tree is mature it can reach 8.3-20 m height 
[86]. In fact, the practical production life of an oil palm tree in a plantation is approximately 
25 years [87]. Oil palm is planted in 42 countries worldwide and its cultivated area has 
doubled since 1990 from 4 MHa to 9.1 MHa in 2006 (exceeding 35 Mt of oil). It is one of 
the oilseed crops with the highest yield requiring relatively small areas to be cultivated 
[88]. Oil palm crops are confined to tropical regions (because of their continuous 
requirements of high rainfall and temperature) [87, 89]. By 2011 more than 150 thousand 
ha of oil palm fruits were harvested in Colombia, using this production to cover food and 
industrial applications of palm oil [90]. Other important oilseeds planted in Colombia are 
soybean (Glycine max), sesame (Sesamum indicum), coconut (Cocos nucifera) and 
cotton (Gossypium sp.). In 2010, these feedstocks along with oil palm had a combined 
harvested area of 250 thousand ha approximately (See Figure 2-5) [41, 42]. 
 
Figure 2-5: Share of harvested area of main oleochemical feedstocks in Colombia 
2010 [41] 
 
According to FEDEPALMA [91], in the country there are four production zones: North 
Zone (Magdalena, Cesar, Atlántico, La Guajira), Middle Zone (Santander, Norte de 
Santander, Bolivar), South Zone (Meta, Cundinamarca, Casanare, Caquetá), Western 
Zone (Nariño) [92] (See  
Figure 2-6). Biodiesel production in Colombia started in 2008 with a mandatory B5 
blending on the territories along the Atlantic Coast. Currently the mandatory blending has 
been increased to 7% and 10% depending upon the department [93]. In 2011 there were 
7 biodiesel plants in production using palm oil as feedstock. 
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Figure 2-6: Harvested area of oil-palm by department [92] 
 
According to Proexport, currently Colombia is the fifth producer of palm oil worldwide and 
the number one in Latin-America. According to the Ministerio de Minas y Energía of 
Colombia, the total installed production capacity for biodiesel in the country is 506 
thousand tons/year. Oil palm fresh fruit bunches (FFB) are harvested and processed in an 
extraction plant to produce palm oil from the outer reddish-yellow fleshy mesocarp of the 
fruit, and palm kernel oil from the white kernel endosperm. The FFB contains crude palm 
oil (15–18%), shells (5–6%), kernels (5–6%), palm fiber (12–14%), and empty fruit 
bunches (25–27%) [94]. In palm mills, FFB are first sterilized using saturated steam 
(26.4–31.6 tons/m2), during 50–75 min to deactivate the enzymes responsible of 
hydrolysis of triglycerides to free fatty acids. The sterilization process also helps to loosen 
the fruits from its brunches, so the oil can be easily extracted. The sterilized FFB are 
continuously fed into a rotary drum machine, where fruits are separated from bunches. 
After that, the fruits are sent to a cylindrical vertical tank, where they are digested at 100 
°C; this process converts the fruits into a homogeneous oil mash suitable for pressing. 
The mashed fruit is passed through a filter press, where palm oil is extracted. This oil is 
screened, decanted and dried to remove solids and other impurities, obtaining final crude 
palm oil product (CPO) [95].The press cake obtained is treated, in order to obtain Palm 
Press Fiber (PPF) and nuts; these vegetable wastes are used to extract palm kernel oil 
(PKO) and palm kernel cake (PKC). The main product (CPO) has an estimated yield of 
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0.20 ton for each ton of FFB processed. The co-products comprised by fibers and shells, 
empty fruit bunches (EFB), and other palm oil mill effluent (POME) have yields of 190 kg, 
230 kg and 600–700 kg/ton of FFB, respectively. 
2.3.3 Coffee husk (CH) 
In terms of financial value, coffee is the second largest traded commodity in the world 
after oil [96], with a global production of 150 million bags in 2013 [97]. Colombia is the 
fourth largest coffee producer in the world after Brazil, Vietnam and Indonesia with a 
production of 9 million bags in 2013 [97]. In the country, the coffee economy generates 
one of each three rural employments, occupies 560 thousand families and allows 2 million 
people living directly from the coffee production [98]. The 631 thousand jobs generated by 
coffee exceeds 3.7 times the total contribution of flowers, banana, sugar and palm crops 
together [98]. 
 
Currently, coffee cultivation in Colombia mainly is located in the departments of Antioquia, 
Boyacá, Caldas, Cauca, Cesar, Caquetá, Casanare, Cundinamarca, Guajira, Huila, 
Magdalena, Meta, Nariño, Norte de Santander, Quindío, Risaralda, Santander, Tolima 
and Valle del Cauca (See Figure 2-7). This crop generates large amounts of by-products 
and residues during its processing [96]. It is estimated that less than the 5% of the 
generated biomass in the coffee process is used to produce the drink. The remaining 95% 
corresponds to lignocellulosic material, generated in the renewable process of the coffee 
trees, green fruits that fall during the collection, coffee pulp and coffee husk, among 
others. 
 
Coffee berries processing is carried out in order to isolate the berries from the shell and 
mucilaginous part to finally obtain the coffee powder [99]. Currently two main methods are 
used to process the coffee at industrial level, the dry and the wet processing method 
[100]. The coffee husk results from the coffee berries by dry processing [96, 100]. It 
encloses the coffee beans and represents the 4.8% of the dry fruit with an approximate 
annual yield of 227 kg per ha. Coffee husk has no fertilizer value by itself and currently it 
has no other application that burning in crude furnaces to dry the coffee parchment. 
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Figure 2-7: Cultivated area of coffee in Colombia per departments [101]. 
 
 
2.3.4 Orange peel 
According to FAOSTAT, by 2011 approximately 120 million tons of citrus were produced 
worldwide, while oranges account approximately 63.1 million tons in 2010. The top five 
producing countries in 2013 (FAOSTAT) were Brazil, producing approximately 1/3 of the 
world production, followed by United States, China, India and Mexico. In Colombia the 
citrus are the most economically important fruit after banana. The national share of citrus 
production by 2011 is shown in Figure 2-8. By 2011, Colombia produced approximately 
207 thousand tons of orange coming from 32 thousand cultivated ha, which implies a 
yield of approximately 11 tons/ha [102]. 
 
Approximately 60% of the total citrus production is consumed as fresh while the remaining 
40% is used in the agroindustry to extract no more than the 50% of the fruit weight as 
juice [103], while the peel, seeds and remaining pulp are considered wastes. This implies 
that citrus residues correspond to approximately the 20% of the world citrus production 
(24 million tons). The main products obtained from orange processing are juice, 
marmalade, essential oils, flavonoids and pectin. During these production processes, only 
approximately the 50% of the fruit is utilized [104-106]. The wastes generated and 
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composed of peel, seeds and membrane residues are used to spread on soils, produce 
animal feed, or is burnt [105]. 
 
Figure 2-8: Colombian share production of citrus by 2011 [107]. 
 
2.4 Olive residues as potential feedstocks for valuable 
products 
Since this thesis was developed in joint supervision with the University of Jaen under the 
eidA3-ceiA3 grants for the preparation of co-supervised doctoral thesis from foreign PhD 
students, offered by the Agrifood International Doctorate School (eidA3), residues from 
the principal crop of this region was also included in the present research. 
 
Because of the reported beneficial effects of olive oil consumption, the olive tree 
cultivation has been propagated worldwide and it is nowadays present in countries as 
diverse as the United States, Argentina or Australia. Currently, this crop presents a global 
cultivated area of almost 10 million ha with an annual production of approximately 18 
million tons of olives (FAOSTAT, 2014). Olive oil and pitted table olive production are the 
most important agrifood industries in the Mediterranean countries, with Spain being the 
largest producer in the world [108]. 
2.4.1 Olive tree pruning 
Olive tree pruning (OTP) is an essential operation performed every two years after fruit 
harvesting. A typical OTP lot includes leaves, thin branches, and thick branches or wood 
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(25, 50 and 25% approximately), although the proportions may vary depending on culture 
conditions, tree age, production and/or local pruning practice. In the Mediterranean 
region, residual biomass from OTP yield ranges from 1 to 5 and from 4 to 11 t/ha, 
respectively for Spanish and Italian orchards [108]. OTP biomass, like other biomasses of 
lignocellulosic composition, is a complex mixture of cellulose, hemicelluloses and lignin, 
the three main components, as well as a significant amount of soluble compounds 
(extractives) and ash. The overall chemical composition of OTP biomass may differ 
slightly depending on tree age, soil makeup, and climate conditions. Cellulose, 
hemicellulose, lignin content and extractive content from OTP biomass are in the range of 
26.1–36.6; 20.0–25.0; 17.9–27.7 and 14.1–31.4 (% w/w), respectively [108]. Such 
differences can be mainly ascribed to the heterogeneity of this biomass, potentially 
presenting a variable proportion of leaves as well as different branch diameters. One 
special feature of this biomass is the relative high-derived glucose content in the 
extractives due to the presence of non-structural glucans present in olive leaves. It has 
been estimated that an average of 3 tons of pruning biomass is obtained every year from 
one olive tree ha, making these residues a large, cheap, and unexploited source of 
energy and chemicals [109-112]. For instance, olive wood residues have a high potential 
as feedstock for producing biofuel, heat and power. Besides, among the active radical 
scavengers present in the wood extracts, the hydroxytyrosol, tyrosol, cycloolivil, 7-
deoxyloganic acid, oleuropein and ligustroside are the most representative [113, 114]. 
 3. Chapter 3. Anaerobic digestion process 
Overview 
In this chapter a literature review of the AD process is presented. The main stages of the 
process as well as the environmental factors that affect the most the performance of the 
process are summarized. Kinetic expressions used to model the biodigestion and the 
different technologies implemented to carry out the process are briefly explained. Finally, 
pretreatment methods to enhance the yield of the AD are also presented. 
3.1 Anaerobic digestion 
AD of wastewater, organic wastes and biomass yields biogas and biofertilizers as useful 
end-products during the biological conversion of the organic material in an oxygen-free 
environment [115, 116]. Biogas is a renewable energy source and CO2 neutral, mainly 
composed of methane and carbon dioxide. The biogas can be used to generate heat 
and/or electricity by burning it, as feedstock to produce methanol, and as chemical 
feedstock to replace carbon and coal, among other applications (See Figure 3-1). In 
addition, the biosludge obtained can be used as fertilizer or soil conditioner. The main 
advantages of the AD process are its ability to degrade recalcitrant (persistent) and 
xenobiotic compounds, reduce the level of chlorinated organic toxicity, allow the 
biodegradation of aerobic non-bio-degradables, reduce mal odors and pathogen loads; 
and, reduce off-gas air pollution. Furthermore, in farming this technology is an interesting 
mitigation option for greenhouse gases (GHG) emissions [117, 118]. In many countries, 
financial incentives are provided by the government to farmers to proceed with the 
installation of anaerobic systems [117, 119]. For instance, in Europe this technology is 
used to treat more than 10% of the organic waste [120]. 
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Because of its capability of reducing both chemical oxygen demand (COD) and biological 
oxygen demand (BOD), the AD technology has been successfully used to processing a 
wide range of materials, such as agricultural wastes, food wastes and wastewater sludge 
[120]. The AD processes are classified based on different and critical operating 
parameters (Figure 3-2) as it will be further explained in this chapter. 
 
Figure 3-1: End uses for the products of the AD [118] 
 
 
Figure 3-2: Classification of the anaerobic digestion processes [120] 
 
3.2 Microbiology of the AD process 
The AD occurs naturally in anaerobic ecosystems such as sediments, paddy fields, water-
logged soils and in the rumen gut [115]. The effectiveness of the bioconversion of 
complex organic residues depends on the combined and coordinate metabolic activity of 
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the digester microbial population [121]. In the anaerobic digestion process, four different 
groups of anaerobic bacteria are involved, as shown in Table 3-1. 
 
Table 3-1: Groups and functions of the anaerobic bacteria [121]. 
Bacterial group Function 
Hydrolytic bacteria Catabolization of saccharides, proteins, lipids and other 
constituents of biomass 
Hydrogen-producing 
bacteria 
Catabolization of some specific fatty acids and neutral end 
products 
Homoacetogenic bacteria Catabolization of unicarbon compounds (e.g. H2/CO2, 
HCOOH) 
Hydrolyzation of multi-carbon compounds to acetic acid 
Methanogenic bacteria Catabolization of acetate and unicarbon compounds to 
methane 
 
The synergistic process by the consortium of anaerobic bacteria can be subdivided into 
four phases: Hydrolysis, acidogenesis, acetogenesis and methanogenesis, as shown in  
 
Figure 3-3. These phases are a series of interlinked reactions proceeding spatially as well 
as temporally in consecutive and parallel steps [122, 123]. 
3.2.1 Hydrolysis 
In the hydrolysis step, macro molecules such as proteins, poly-saccharides and fats 
composing the biomass are converted into low-molecular water-soluble substances such 
as peptides, saccharides and fatty acids. This step is required since the polymeric matter 
cannot be used directly by microorganisms. The hydrolysis or solubilisation process is 
carried out by exo-enzymes excreted by fermentative bacteria [124, 125]. The hydrolysis 
is the limiting stage of the overall AD process, especially for residues with high solid 
content [125, 126]. Both the hydrolysis rate and degree depend on several factors such 
as pH, temperature, hydrolytic biomass concentration, type of organic material and 
particle size [127, 128]. In the case of the lignocellulosic feedstocks its degradation limits 
the hydrolysis rate, due to the recalcitrant nature of the lignin affecting the biodegradation 
of cellulose, hemicellulose and other polymers (proteins and lipids) as well [129-132]. 
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Cellulose and hemicellulose are hydrolyzed into hexoses and pentoses, respectively [34, 
133]. 
 
Figure 3-3: AD stages and pathways. Adapted from [134-136] 
 
 
 
On the other hand, the hydrolysis of proteins produces peptides, amino acids, ammonia 
and CO2 [137, 138]. In the degradation of lipids in free-oxygen environments the fats are 
broken by hydrolytic enzymes (lipases) into long and short-chain fatty acids and glycerol 
[138, 139]. The reactions taking place in this step are summarized in Equation (2-1). 
 
Lipids   → Fatty acids 
Polysaccharides → Monosaccharides 
Protein  → Amino acids 
Nucleic acids  → Purines and Pyrimidines           (2-1) 
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Usually the hydrolysis rate increases with temperature [126, 140]. Besides, the particle 
size also affects the hydrolysis rate, due to the surface available to the adsorption of the 
hydrolytic enzymes [141, 142]. 
3.2.2 Acidogenesis 
Sugars, long-fatty acids and amino acids resulting from the hydrolysis stage are 
fermented by several fermentative microorganisms. In this step components produced 
can be directly used by methanogenic bacteria. Acetic acid, formic acid and hydrogen and 
organic substances such as ethanol and lactic, propionic and butyric acids are oxidized by 
acetogenic bacteria to be used next by methanogenic bacteria [125, 143]. 
 
Under anaerobic conditions, pyruvic acid is an intermediate for most of the products from 
the glucose metabolism. As final products of the glucose degradation fatty volatile acids, 
H2 and CO2 [125, 144] are obtained. Sugars fermentation is performed by several types of 
microorganisms following different metabolic routes and leading different final products. 
For instance, butyric acid or butanol are produced by microorganisms of the genus 
Clostridium [125, 145]. Bacteria from the genus Propionibacterium are responsible for the 
acido-propionic fermentation, when lactic acid, sugars and polyhydroxy alcohols are 
fermented into CO2 and propionic and succinic acids [125, 146]. The following equations 
show the conversion of glucose into acetate, ethanol and propionate, respectively [125]. 
 
22326126 H4CO2COOHCH2OH2OHC               (2-2) 
2236126 CO2OHCHCH2OHC                 (2-3) 
OH2COOHCHCH2H2OHC 22326126                (2-4) 
 
Acidogenesis is usually the fastest step in the AD process [125, 127]. When the steady 
state has been achieved, the main pathway in AD is via acetate, CO2 and H2 that can be 
used directly by the methanogenesis bacteria [138, 147-149]. As a response of the 
bacteria to the increasing of hydrogen concentration in the medium, electron sinks such 
as lactate, ethanol, propionate, butyrate and long-chain volatile fatty acids (VFAs) are 
accumulated [148]. 
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3.2.3 Acetogenesis 
Table 3-2: Acetogenic and methanogenic reactions  
Reactions 
Equation 
Acetogenic 
Propionate to acetate 
223223 H3COCOOHCHOH2COOHCHCH   
 
(2-5) 
Butyrate to acetate 
232223 H2COOHCH2OH2COOHCHCHCH   
 
(2-6) 
Ethanol to acetate 
23223 H2COOHCHOHOHCHCH   
 
(2-7) 
Lactate to acetate 
OHH2COCOOHCHOH2CHOHCOOHCH 222323   
 
(2-8) 
Methanogenic  
OHCOCHOHCOOHCH 22423   (2-9) 
OH2CHH4CO 2422   (2-10) 
Syntrophic reaction  
232223 H4COOHCH4OH4COOHCHCHCH   (2-11) 
OH2CHH4CO 2422   (2-12) 
 
Methanogenic bacteria are able to metabolize some of the products of previous steps 
such as H2 and acetate. Although other substances such as alcohols, aromatic fatty acids 
and VFAs with more than two carbon atoms, have to be transformed into simpler products 
(acetate and H2) by hydrogen obligate producing bacteria [125] following the reactions 
summarized in Table 3-2 [148], to produce simple organic acids (acetic, propionic and 
butyric), CO2 and H2. The most important acetogenic reactions can only proceed if the H2 
partial pressure is less than 1E-4 [148, 150, 151]. 
 
Microorganisms involved in the acetogenesis stage include Syntrophobacter wolinii and 
Sytrophomonos wolfei (propionate and butyrate decomposer, respectively) [125]. Other 
acid former such as Clostridium spp., Peptococcus anerobus, Lactobacillus, and 
Actinomyces may be also involved in this step [125]. The acetogenic and methanogenic 
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bacteria live in a symbiosis, since the hydrogen is used in the methanogenic metabolism 
keeping a low hydrogen partial pressure [148]. If hydrogen partial pressure increases, the 
activity of the acetate-forming bacteria decreases and even stops completely [125, 148], 
leading to the accumulation of acids in the reactor and the inhibition of the methanogenic 
bacteria [115, 127, 152]. In this sense, the thermodynamic prerequisites for the oxidation 
of alcohols and fatty acids are proportioned by the regulative effect of the methane-
forming bacteria on the electron flux [148]. 
3.2.4 Methanogenesis 
Methanogenic microorganisms can be considered the most important AD bacteria, since 
they are responsible for methane formation. Different methane-forming bacteria are 
involved in the AD process, including Methanobacterium, Methanobacillus, 
Methanococcus and Methanosarcina [125, 148]. These microorganisms can be divided in 
two groups depending on the substrate: acetate and H2/CO2 consumers. The H2/CO2-
consuming methagones produce CH4 by reducing the CO2 via formyl, methenyl and 
methyl, through association with specific coenzymes [125, 148]. Hydrogen-utilizing 
bacteria are more resistant to environmental changes than acetate-utilizing 
microorganisms. For instance, Methanosarcina spp. is able to consume both acetate and 
H2/CO2 [148]. Approximately 30% of the total methane is produced from the reducción of 
CO2 [125]. The remaining 70% is produced via the aceticlastic pathway. The H2 pathway 
is not rate limiting but it is important to keep a low hydrogen pressure and it is more 
energy yielding than the acetate pathway [126, 127, 139]. The microorganisms involved in 
this metabolic stage belong to the Archea and include acetotrophic methanogens, 
hydrogenotrophic methanogens and methylotrophs methanogens [148]. 
 
When the AD process is well-balanced, all the products from the previous metabolic stage 
are converted, leading to a nearly complete conversion of the biodegradable organic 
material into the final products (biogas and biofertilizers) without accumulating a 
significant amount of intermediate products. Conversely, if the process is unstable, the 
accumulation of VFAs and the subsequent pH decreasing will inhibit the pH-sensitivity 
microorganisms. 
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3.3 Factors affecting the performance of the AD process 
The environmental factors that are important in the operation of an AD include: 
temperature, pH, alkalinity, hydraulic retention time (HRT), organic loading rate (OLR), 
carbon to nitrogen ratio (C/N), total solid content (TS), availability of nutrients and 
presence of toxic components. 
3.3.1 Temperature 
The AD can be performed in a wide range of temperatures (5 – 65°C). For instance, 
psychrophilic digestion is carried out at 15 to 20°C, mesophilic digestions is performed at 
30-40°C and temperatures between 50 to 60°C allow thermophilic degradation [153]. The 
reaction rate of biological processes strongly depends on the temperature-dependent 
growth rates of the microorganisms involved. Usually high temperatures lead to faster 
chemical and biological reaction rates. Besides, temperature should be kept constant as 
much as possible during all the process, since fluctuations of even ±2% can reduce the 
biogass production by 30% as in the case of thermophilic operation [126]. 
3.3.2 pH 
The methanogenesis is stage in AD most affected by pH [126], since the bacteria involved 
are sensitive to the acid concentration and their growth can be inhibited by acidic 
conditions [125]. The optimum pH range for methanogenic microorganisms is 6.5 to 7.5 
[126], while acidogenic bacteria require pH values above 5 [125]. In an AD process, the 
pH decreases initially during the acetogenesis stage but the produced acids are rapidly 
consumed by the methanogenic bacteria (increasing the pH) stabilizing the digester 
performance [125, 126]. 
3.3.3 Alkalinity 
The alkalinity is the measure of the chemical buffering capacity of the aqueous solution. 
This is an important parameter in AD processes, since the VFAs accumulation should be 
neutralized in order to maintain the optimum pH for stable operation [125]. The 
compounds that provide a significant buffering capacity in the useful region around pH 7 
are carbonic acid, hydrogen sulphite, dihydrogen phosphate and ammonia. In AD at 
neutral pH, the carbon dioxide-carbonate system is the responsible for controlling 
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alkalinity [125]. For maintaining a pH greater than 6.5, a bicarbonate alkalinity value 
ranges between 500-900 mg/L CaCO3 is required. When an appropriate alkalinity value is 
not present, the adition of alkaline materials as lime, sodium hydroxide and ammonia is 
recommended. 
3.3.4 Hydraulic retention time (HRT) 
It is defined as the time that the influent remains in the digester [125]. The HRT depends 
on the technology, temperature and feedstock composition. In the case of mesophilic 
digestion the HRT ranges between 10 to 40 days, while for thermophilic operation lower 
HRT are required (approximately 14 days for high solids reactors). The hydraulic retention 
time influences the economics of the digestion. For shorter retention times, smaller 
biodigestors are required, and therefore, more favourable economics [148]. The numeric 
definition of this parameter is given by the Equation (3-13). 
 
Q
V
                  
(3-13) 
 
Where θ is the hydraulic retention time (d), V is the volume of the reactor (m3) and Q is 
the influent flow rate (m3/d). 
3.3.5 Organic loading rate (OLR) 
The organic loading rate (OLR) refers to the quantity of organic matter fed per unit of 
volume per unit of time. This is a very important parameter for continuous anaerobic 
digesters [154, 155]. Usually, the value of this parameter ranges between 0.5 to 3 kg 
VS/m3/d [125]. The OLR influences the biogas yield, since high OLR values could lead to 
the accumulation of inhibiting substances into the digester [125, 155]. In these cases, the 
feeding rate should be reduced. 
3.3.6 Carbon to nitrogen ratio (C:N) 
The optimum C:N feedstock ratio for the AD process is 25-30 [125, 153, 156, 157]. A high 
C:N ratio indicates a rapid consumption of nitrogen by the methanogenic microorganisms, 
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meanwhile a low C:N ratio causes ammonia accumulation and pH above 8.5, inhibiting 
the methanogenic bacteria [158]. To achieve an optimum C:N ratio the co-digestion of low 
and high C:N ratio can be performed [125, 158]. C/N ratio for different substrates used in 
AD is shown in Annex E. 
3.3.7 Total solid content (TS) 
Solid content in AD can be divided into two different ranges: low solid content (LS) also 
called liquid AD, containing between 15-20% of TS and high solid (HS) or solid state AD, 
with a range between 22 to 40% of TS [125, 139, 158]. Municipal solid wastes and sludge 
from aerobic wastewater treatment are digested under low-solids conditions. Since these 
systems contain a large volume of water, liquid AD requires higher retention time and size 
for too low nutrient levels [121]. 
 
For substrates having higher solids content, the solid state AD (SS-AD) technology should 
be applied [159]. SS-AD can be used to degrade food industry wastes, the biodegradable 
organic fraction of municipal solid waste, agricultural and forestry residues, and other 
high-solids wastes [118, 120, 160]. Typically, high-solids wastes must be mixed with 
water or a low-solids waste, e.g. wastewater treatment sludge, to dilute the solids content 
to the operating range [161]. TS contents up to 30% have minimal effects on conversion 
rates and efficiency. However, TS contents range between 30 to 50% causes inhibition of 
AD because of the building-up of VFA [162]. The most used TS content for SS-AD ranges 
between 20 and 40% [162]. 
 
SS-AD can operate with reactors up to 75% smaller than a liquid AD systems, for the 
same dry weight of waste [160]. Since in SS-AD higher nutrient concentrations are 
achieved, the digestion rate is also higher. Additionally, the biosludge resulting from SS-
AD requires less dewatering to convert it into a usable compost material. However SS-AD 
systems are more sensitive to micronutrient deficiencies and toxic inhibition, since there is 
more mass to digest and less moisture. Thermophilic systems are particularly dependent 
on the maintenance of a proper C/N ratio [121]. Table 3-3 shows the type of reactor used 
depending on the substrate TS content. 
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Table 3-3: Type of reactor depending on the TS content. Adapted from [163] 
Substrate Reactor options 
Low total solids content (<15%), e.g. Soluble 
industrial wastewater, municipal sewage, 
sewage sludge, aquatic/marine plants, 
particulate industrial wastes, animal 
manures 
Anaerobic filter, upflow anaerobic sludge 
blanket reactor (UASB), fluidized bed 
reactor, continuous stirred tank reactor 
(CSTR), solids concentrating reactor 
(SOL-CON)  
High total solids content (>15%), e.g. 
municipal solid waste, agricultural residues, 
energy crops 
Continuous stirred tank reactor (CSTR), 
leach bed reactor (e.g. SEBAC-sequential 
 batch anaerobic composting). 
3.3.8 Inoculum 
Inoculation with methanogens-rich material of fresh feedstock is required in AD to speed 
up the process [127, 164, 165]. It has been found that AD finished materials, such as 
effluent or digestate, showed better performance as inoculum than undigested raw 
materials, such as aerobic waste activated sludge, raw manure and rumen fluid [166]. For 
instance, by using liquid AD effluent not only methanogenic bacteria are introduced to the 
process, but also sufficient moisture, nitrogen and macronutrients are provided [164, 166]. 
3.3.9 Nutrients 
The nutrient requirements of anaerobic bacteria include, besides an organic carbon 
source, nitrogen, phosphorous, sodium, manganese, calcium and cobalt [167]. Since the 
methanogenic bacteria are severely inhibited by slight nutrient deficiencies, nutrient levels 
should exced the optimal nutrient concentrations for these microorganisms. Nitrogen and 
phosphorous are the most important nutrients involved in this process. The recommended 
ratios for these elements are C:N = 10:1 to 30:1, N:P = 5:1 to 7:1 as well as COD:N:P 
=420:7:1 to 1500:7:1 [134]. 
3.3.10 Toxic elements 
Several organic and inorganic substances may be toxic for the anaerobic bacteria, such 
as excessive concentrations of heavy metals, alkaline metals (Mg, Ca, Na, K), ammonia 
and soluble sulfides. Among the soluble sulfides that inhibit the methanogenic bacteria, 
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HS- and H2S are the most common. The AD process may also be affected by high 
concentrations of inorganic salts as shown in Table 3-4. Since the inhibitory 
concentrations of inorganic salts is considerably high and concentrate soluble salts 
precipitate in alkaline conditions, this is unlikely to occur in real operating systems [126]. 
 
In the case of heavy metals, lead, cadmium, copper, zinc, nickel and chromium may 
inhibit the AD process in high concentrations. In Table 3-5, the inhibition stars represent 
the first value that diminishes the biogas production and the toxicity represents the 
concentration that diminishes biogas production by 70% [126]. 
 
Table 3-4: Inhibitory concentrations of ions of inorganic salts [126, 168] 
Metal ion 
Optimal concentration 
(mg/L) 
Moderate inhibition 
(mg/L) 
Inhibition 
(mg/L) 
Sodium 100-200 3500-5500 16000 
Potassium 200-400 2500-4500 12000 
Calcium 100-20 2500-4500 8000 
Magnesium 75-150 1000-1500 3000 
 
Table 3-5: Toxicity concentrations for heavy metals [126, 168] 
Metal Inhibition stars (mg/L) Toxicity (mg/L) 
Cr3+ 130 260 
Cr6+ 110 420 
Cu 40 170 
Ni 10 30 
Cd 70 600 
Pb 340 340 
Zn 400 600 
3.4 Kinetics of the AD process 
During the last two decades, several authors have proposed different mathematical 
models to describe and simulate the AD process. Because of the high complexity and 
non-linearity of this process, models for different purposes e.g. calculating the theoretical 
biogas rate during digestion, have been developed [117, 169]. The IWA AD Model 1 
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(ADM1), developed by a task group for the International Water Association (IWA) and 
published in 2002 [170] is one of the most comprehensive AD models. The ADM1 model 
considers the four steps of hydrolysis, acidogenesis, acetogenesis, and methanogenesis 
and includes 26 dynamic state concentration variables and 8 implicit algebraic equations 
per reactor [170]. Although it is highly accurate, it requires many input parameters and a 
high level of complexity. Therefore, simpler models based on the elementary microbial 
growth and substrate consumption rates to predict the behavior or the AD process have 
been developed [171, 172]. Some of the most common kinetic expressions used to 
describe the AD process are summarized in  
Table 3-6. 
 
For the specific growth rate, Monod is the most used kinetic expression (Equation (3.18)). 
However, the decrease of the biomass concentration due to endogenous respiration and 
cell lysis cannot be predicted by using the Monod equation. In order to consider both the 
endogenous respiration and the cell lysis, McCarty developed the modified Monod 
expression. Other expressions for the microbial growth rate are showed in  
Table 3-6. Expressions from Equation (3.20) to (3.25) are not able to describe the 
bacterial growth under an inhibitory factor. In AD the most common inhibition types are 
expressed by Equations (2.26) and (2.27). The Haldane equation describes inhibition 
caused by either the un-ionized volatile fatty acids or the total volatile acids concentration. 
On the other hand, the Ierusalimsky equation describes the non-competitive inhibition 
caused by either volatile fatty acids or other toxic substances. The substrate consumption 
rate Sr  is expressed with Equation (3.15), while methane production rate is estimated 
using Equation (3.16). 
 
X
X
S r
Y
1
r                  (3.15) 
 
 



SSY
G 0ms                (3.16) 
 
Where 
XY  is the biomass yield factor, Yms is the specific methane production and θ is the 
hydraulic retention time. 
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Table 3-6: Most used expressions for elementary microbial growth and substrate 
consumption rates  
Expression Bacterial growth rate ( Xr ) Equation Reference 
Monod X
SK
S
S
max 

  (3.17) [172, 173] 
McCarty1 XbX
SK
S
S
max 

  (3.18) [173] 
Moser2 X
SK
S
n
S
n
max 

  (3.19) [173] 
Contois3 X
SXK
S
X
max 

  (3.20) [172, 173] 
Powell4 
 
X
SLK
SL4
11
L2
SLK
2max














  (3.21) [174] 
Grau et al. X
S
S
0
max   (3.22) [172, 173] 
Chen and 
Hashimoto5  
X
SK1SK
S
0
max 

  (3.23) [172, 173] 
Bergter6 X
T
t
exp1
SK
S
S
max 










 


  (3.24) 
[174] 
Mitdorffer7  
X
SGK1S
S
n
Sb
n
n
max 

  (3.25) 
[174] 
Haldane8 
X
1
K
1
S
K
I
S
max 


 
(2.26) [172, 173] 
Ierusalimsky8 
IK
K
SK
S
I
I
S
max



  (2.27) [173] 
Where max  is the maximum specific growth rate achievable when S >>KS, KS is the 
saturation constant, S and S0 are the concentration of the drowth-limiting substrate in the 
eflucent and influent for a continuous stirred tank reactor (CSTR) at steady state, 
respectively. 
1b is the specific decay rate 
2n is the Mosser parameter to integrate effects of adaptation of microorganisms to 
stationary processes by mutation 
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3
XK  is the Contois kinetic constant 
4K describes the kinetic of growth due to enzyme activity and L the diffusion and 
permeability of the substrate through the cell wall 
5K is the Chen and Hashimoto dimensionless kinetic constant 
6t is the time and T is the lag time 
7GS is the gas production in m
3/kg organic dry matter, n (1.5) indicates a higher substrate 
affinity 
8KI is the inhibition constant and I is the inhibitor concentration. 
3.5 AD technologies 
There are two operating modes for ADs: low rate with long HRT (40-50 days) and high 
rate systems with relatively short HRTs (10-15 days) [159, 175]. Low-rate digesters are 
widely used in China, India and developing countries to produce energy from animal 
waste at a low scale [159, 176]. For this type of bioreactor, the SRT and HRT are the 
same value, since the raw material is feeding into the reactor and after the residence time 
the digested slurry and the biogas are retired [175, 176]. In this operating mode, the 
reactor may represent 70-80% of the cost, while the remaining 20-30% corresponds to 
operation and maintenance cost [159]. On the other hand, in the high-rate biodigestors 
the reactor volume is minimizing and the flow rate is maximizing in order to minimizing the 
HRT while the SRT is maximizing by retaining the microorganisms into the reactor [176]. 
The aim of this operating mode is treating biodegradable wastewater efficiently and 
economically. 
 
Floating dome, fixed dome and balloon digester are classified as low-scale low-rate 
biodigestors. Meanwhile, for large-scale low-rate digestion, covered lagoon, plug flow, 
fixed film, suspended media and anaerobic sequencing batch reactors are used [159, 
175, 176]. The high-rate biodigestors are divided into first, second and third generation. 
First generation high-rate digesters include the anaerobic continuously stirred reactor and 
the anaerobic contact reactor. Upflow anaerobic filter, down flow stationary fixed film, 
upflow anaerobic sludge blanket and fluidized/expanded bed are classified into the 
second generation high-rate biodigestors. The aim of the second generation high-rate 
reactors is the retention of active microflora independent of the HRT and without using 
recycling. On the other hand, upflow sludge-bed filters and modified Upflow Anaerobic 
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Sludge Blanket (UASB) reactors are considered third generation high-rate digesters [159, 
176]. In Annex F, the different reactor configurations for AD are further discussed. 
3.6 Lignocellulosic biomass as substrate for AD 
Lignocellulose is a major renewable organic material with a production of 200 billion tons 
per year [177]. The lignocellulosic complex is mainly composed of three main polymers: 
cellulose, hemicellulose and lignin. Ash and other minor compounds are also present 
[178]. Hemicellulose and cellulose are the structural carbohydrates in the cell wall almost 
entirely composed of sugars such as glucose, mannose, xylose and arabinose, and of 
methlyglucoronic and galaturonic acids. On the other hand, lignin is composed of three 
cross-linked phenylpropane (C6–C3) units of p-coumaryl alcohol, coniferyl alcohol and 
sinapyl alcohol which are linked together C–O–C and C–C bonds [178-180] in a 1:2 ratio, 
limiting the biopolymer accessibility of the carbohydrate fraction [180]. 
 
Because of its availability and and increasing interest in bioenergy production, 
lignocellulosic biomass (energy crops, agricultural and forestry residues, and the organic 
fractions of municipal waste) have lately being considered as suitable AD feedstock [118, 
181, 182]. Although, several factors including lignin content, cellulose crystallinity, pore 
volume, total surface availability for enzymatic reactions and particle size, limit the 
digestibility of the cellulose and hemicellulose present in the lignocellulosic biomass [118, 
183] affect the performance of the AD of these substrates [160]. 
 
Several authors have studied the processing of lignocellulosic biomass using liquid AD, 
where TS is less than 15% [135, 160, 183, 184]. However, due to its low moisture content 
(TS content higher than 15%), lignocellulosic feedstocks should be processing using SS-
AD [118, 160, 161, 184]. 
3.6.1 Pretreatment methods of lignocellulosic biomass for AD 
The aim of pretreatment methods is to alter the feedstock physical and chemical 
properties by increasing the surface area and reducing the lignin content and crystallinity 
of the cellulose. Physical, chemical, biological, and combinations of these pretreatments 
have been implemented [185]. 
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 Physical pretreatments 
Physical pretreatment can increase the substrate hydrolysis rate and biodegradability. 
Mechanical (comminution and extrusion), thermal (steam-explosion and hot water), and 
irradiation (ultrasound and microwave) pretreatments are included in this classification 
[186]. These pretreatments are mostly used for municipal solid waste [185].  
Table G-1 summarizes some results of the use of physical pretreatments to enhance AD. 
Almost all lignocellulosic materials used as feedstock in AD require size reduction in order 
to decrease the crystallinity degree of the cellulose as well as to increase the accessible 
total surface and pore size of the substrate. These mechanical pretreatments have shown 
8-30% increase in methane yield [185-188], because the breaking of large structures into 
short chains improves the rate and efficiency of hydrolysis [185]. 
 
Thermal pretreatments allow the partial solubilization of the organic and inorganic 
compounds, reducing the digester volume and enhancing the digestion yield. During 
steam explosion, the lignocellulosic biomass is heated rapidly to 160-260°C and 1 to 7 
MPa to enable water molecules to penetrate the substrate structure for a few minutes. 
Then, the pressure is suddenly released resulting in an explosive escape of water 
molecules. The performance of this pretreatment can be improved by adding acid 
catalysts, such as H2SO4, H3PO4 and SO2. This pretreatment enhances the digestibility of 
the biomass by opening up the plant cells. Finally, in during liquid hot water 
pretreatments, water is kept liquid under pressure at 90-170°C for 30-60 min. Under high 
pressure/high temperature, water penetrates into biomass increasing the surface area 
and removing hemicellulose and lignin. An overview of steam explosion and hot liquid 
water pretreatments of some substrates is summarized in  
Table G-1. According to several authors, these processes enhance the AD yield up to 80 
and 222% for steam explosion and liquid hot water pretreatments, respectively. 
 
The irradiation pretreatment comprises the use of ultrasounds or microwaves. These 
pretreatments increase the accessible area and reduce the cellulose crystallinity by 
cleaving of β-1,4-glucan bonds [181]. Improvements in digestion yield of 4-28% (See  
Table G-1) have been reported with these pretreatment methods. 
 
 Chemical pretreatments 
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Chemical pretreatments include processes initiated by chemical reactions to disrup the 
biomass structure, such as alkaline, oxidative, dilute acid, ionic liquids, wet oxidation and 
inorganic salts pretreatments. Results for the most used chemical pretreatment methods 
for AD are summarized in Table G-2. Oxidative pretreatments (H2O2) solubilize lignin and 
hemicelluloses and increase the cellulose surface area, increasing the AD yield by 33-
120% [186]. 
 
Sodium hydroxide is the most used chemical reagent in alkaline pretreatment. During 
alkali delignification the first reactions involved are solvation and saponification [189], 
which increase the biomass porosity [178]. This causes a swelling of the biomass 
increasing the internal surface area, decreasing the degree of polymerization and 
crystallinity, separating the structural linkages between the carbohydrates and lignin, 
disrupting the lignin structure and making it more accessible for enzymes and 
microorganisms [181, 182, 190, 191]. 
 
Sulfuric acid is the most used reagent to carry out the dilute-acid pretreatment, but liquid 
hot water, dilute or concentrated hydrochloric, paracetic, maleic, oxalic and phosphoric 
acids, among others, can be used as well [190]. It can be performed either at short 
retention times (1-5 min) and high temperatures (120-170°C) or at long retention times 
(more than 15 minutes) and low temperature (25°C). The aim of this pretreatment method 
is to remove hemicelluloses by breaking ether bonds in lignin/phenolics-carbohydrates 
complexes without dissolving lignin [181]. The main disadvantage of the dilute-acid 
pretreatment is the formation of compounds inhibiting the AD process deriving from the 
degradation of hemicelluloses such as furfural. Wet oxidation pretreatment operates with 
oxygen or air in combination with water at elevated temperatures and pressure. This 
method is used to both disrupt the crystalline structure of cellulose and separate the 
cellulosic fraction from lignin and hemicelluloses. Wet oxidation was tested by various 
authors [161, 186, 192, 193] enhancing the AD yield by 34 to 136%. 
 
 Biological pretreatments 
Biological pretreatment can be performed using lignolitic enzymes or fungi prior to the AD 
process. Table G-3 summarizes the increment of the AD yield after biological 
pretreatment. These pretreatments have some advantages, such as high substrate and 
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reaction specificity, operation at mild conditions (50°C and pH 5.0) and no formation of by-
products. 
The biological biodegradation of the lignin can be achieved by using lignolitic fungi strains, 
which can produce lignin enzymes [177, 194] such as lacasses and peroxidases. The 
lignin peroxidase (LiP) have been found in white and brown-rot fungi such as 
Phanerochaete chrysosporium, Acinetobacter calcoaceticus, Streptomyces viridosporus 
and Streptomyces lividans [177]. The manganese peroxidase (MnP) is a glycosylated, 
extracellular heme-containing enzyme isolated from basidiomycetes including P. 
chrysosporium, Schizophyllum sp., Ceriporiopsis subvermispora, Panus tigrinus, 
Lentinula edodes, Nematoloma frowardii, Bjerkandera adusta, T. versicolor, and 
Dichomitus squalens [177]. These enzymes oxidize the substrate by two consecutive one-
electron oxidation steps with intermediate radical formation [195]. On the other hand, 
lacasses are glycosylated multicopper enzymes widely distributed in nature [177, 195]. 
These enzymes are able to oxidize several phenolic compounds such as polyphenols, 
methoxy-substituted phenols and diamines [195]. These enzymes oxidize phenolic lignin 
substructures by one-electron abstraction with formation of radicals that can repolimerize 
or lead to depolymerization [195]. Lacases can be found in microorganisms such as 
Trametes pubescens, Trametes hirsuta, Trametes versicolor, Corsiolus hirsutus, 
Pycnoporus cinnabarinus, Neurospora crassa and Pleurotus ostreatus [177, 195]. 
The basidomycetes are the most promising microorganisms for fungal pretreatment, 
particularly the selective lignin degrading white rot fungi [196]. Among them, the 
Phanerochaete chrysosporium [177] is the most used. In the fungal delignification the 
lignin is anaerobically digested by the lignases, a family of extracellular enzymes [197]. 
This is an oxidative process, where fungal oxidases generate extracellular hydrogen 
peroxide that oxidize the lignin [198]. The reaction is catalyzed by high-redox potential 
hemeperoxidases. These peroxidases can overcome the recalcitrance and heterogeneity 
of the lignin, oxidizing the benzenic rings of this polymer independent of their 
methoxiylation degree and interunit linkages [198]. In this process, depolymerization and 
other reactions occur due to the formation of unstable aromatic cation radicals. After 10 to 
60 days fungal delignification, lignin reduction can range 11 to 73% [177]. 
 
 4. Chapter 4. Solid State Fermentation 
process 
Overview 
This chapter summarizes the main stages of the SSF process and the environmental 
factors affecting the most to its performance. Kinetic expressions used to model the 
biodigestion and the technologies implemented to carry out the process are briefly 
explained. Finally, pretreatment methods to enhance the yield of the SSF are also 
presented. 
4.1 Solid State Fermentation 
Solid-state fermentations (SSFs) involve a solid matrix and absence or near absence of 
free water [199, 200]. The solid matrix is either the source of nutrients or simply a support 
impregnated by nutrients allowing the development of the microorganisms. In SSF 
systems the microbes obtain the water to grow from the moisture held within the substrate 
particles, that could range from 12% wt, below which the biological activity does not 
occur, up to the maximum water-holding capacity of the substrate [199, 201]. Because of 
the low moisture content, the fermentation can be only carried out by a limited number of 
microorganisms such as yeast, fungi and some bacteria [202]. 
 
According to several studies, SSF has the important advantage of leading to higher yields 
and productivities or better product characteristics than submerged fermentation (SmF); 
lower capital and operating costs due to the utilization of low cost agricultural and agro-
industrial wastes as substrates; low water volume implying smaller fermenter-size, 
reduced downstream processing, reduced stirring and lower sterilization costs [203, 204]. 
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4.2 Factors affecting the performance of the SSF process 
4.2.1 Microorganism 
Because of the low free water availability, the fermentation activity in a SSF process is 
usually due to fungi, although bacteria are mainly involved in composting and ensiling 
processes and yeast have been used for ethanol, food and feed production [199, 204-
206]. Selection of a suitable microorganism able to degrade the solid substrate is the 
most important criterion in SSF [204, 207]. Usually, microorganism selection depends on 
the type of solid substrate, growth requirements and targeted final product [204, 205]. 
These criteria selection will affect not only the fermentation stage but also the 
downstream processing. 
4.2.2 Inoculum 
Currently spore inocula and mycelial inocula are used in SSF processes [208]. Spore 
inocula present several advantages such as evenness, prolonged storability and ease of 
handling during inoculum preparation, among others [208, 209]. However, some 
organisms require vegetative inocula. Another important factor is the density of the 
inoculum because a higher density decreases the contamination risk. According to [210] 
when the inoculum quantity increases the time required for substrate utilization decreases 
and this can also aid the inoculated fungus to displace any other microbes that may be 
present [209]. This makes processes involving fungi more flexible since the 
synchronization of inoculum production with the rest of the process is not required [209]. 
4.2.3 Substrates 
Substrate is of great importance to fungi since it provides the carbon source required for 
the biosynthesis of cellular constituents. In SSF the substrate not only provides nutrients 
such as carbon and nitrogen but also acts as physical structure to support microbial 
growth [202]. Besides, the water holding capacity to maintain moisture content of the 
fermented substrate should be considered while selecting the SSF substrate [199, 211]. 
Generally, natural solid substrates used in SSF are classified into four main groups (See 
Annex H). 
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Besides natural solid substrates, various inert carriers can be used to simulate the 
conditions of typical SSF such as vermiculite, perlite, clay granules, pozolano particles 
(volcanic material), hemp, amberlite, polyurethane foam (PUF) and polystyrene. Inert 
carriers are filled with chemically defined liquid media yielding the following The 
advantages over natural solid substrates: (1) enhanced the homogeneous aerobic 
conditions, (2) improved process control and monitoring, (3) reduced the lack of physical 
structure changes during fermentation, (4) improved control of heat and mass transfer, (5) 
increased evaporation rates facilitating control of temperature, (6) improved water activity 
control, (7) reduced shrinkage and channelling, (8) simpified easy product recovery, (9) 
simplified recovery of extracellular products with fewer impurities, (10) improved precision 
of production liquid media modifications, (11) enhanced ease of process modelling and 
process control because production media are known and can be analysed, (12) 
simplified and direct measurements of biomass; and, (13) enhanced and specific grow of 
microorganisms based on defined media. Also inert carriers can be reused. Some natural 
solid substrates such as sugarcane bagasse and rice hulls can be used as inert carrier 
due to their low nutrient content but high porosity, and ability to control of mass and heat 
transfer [209]. 
4.2.4 Moisture content and water activity 
The complex water content interaction with the SSF matrix and nutrients can be described 
as a mixture of sorption and solution phenomena [212]. Water requirements for microbial 
activity are expressed as the water activity (aW). The water activity is defined as the ratio 
between the equilibrium vapor pressure of the water in the substrate and the pure water 
at the same temperature [213]: 
 
WW0
W
W
W X
P
P
a                   (4.1) 
 
Where PW is the partial pressure of water, 
0
WP  is the equilibrium vapor pressure of pure 
water, XW is the water proportion, W is the activity coefficient and aW is the water activity. 
 
In the case of bacteria, the aW should be above 0.9, yeast can grow at values of 0.8 and 
fungi are adaptable to lower aW values of 0.6-0.7 [209, 212, 214]. For fungal growth high 
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values of aW allow sporulation, while low values promote spore germination or mycelial 
growth [215]. On the other hand, high moisture content may promote bacterial 
contamination while very low moisture may decrease growth because low aw values limit 
access to nutrients [214, 215]. 
4.2.5 pH 
pH in SSF is very difficult to measure and control, because of the nature of the solid 
substrate, the low free water content, heterogeneity of the system, and the absence of 
suitable on-line pH measurement methods [209, 215]. However, if the initial pH value of 
the medium is adjusted, pH variations do not need to be considered [213]. Commonly it is 
microorganisms that grow over a wide range of pH and which have broad pH minima are 
used for SSF. For instance, bacteria generally prefer neutral pH values, while fungus and 
yeast prefer slightly acid pH values, and actinomycetes above neutrality [209, 213]. 
4.2.6 Temperature 
Heat released and accumulated during SSF process because of the microbial activity may 
increase the temperature of the system, causing overheating and thereby disturbing 
microbial growth and product formation [204, 211, 214]. This is a critical problem in large-
scale SSF processes where heat evolution leads to important moisture losses. Besides, 
heat may create condensation in large amounts creating heterogeneity in the substrate 
when falling on it [209]. 
4.2.7 Aeration 
SSF aeration is required to meet the oxygen demand in aerobic fermentation and to 
facilitate heat and mass transport. Aeration provides and maintains high oxygen levels 
and low carbon dioxide levels in the inter-particle solid substrates. The points to take into 
account with the aeration are the flow rate and air quality. Dry air at high flow rate will 
have an effect on the moisture of fermented substrate even though it has an advantage in 
terms of heat removal. Aeration rate was shown to have a positive effect on microbial 
growth and product formation [216, 217]. Alternatively, using saturated air is a common 
strategy to avoid substrate drying by maintaining moisture levels. In addition, the rate of 
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aeration by saturated air controls the temperature and the moisture gradients of the solid 
medium [218, 219]. 
4.2.8 Particle size 
The particle properties of solid substrates control the shape, accessible area, surface 
area and porosity of the solid substrates [212, 214]. Processes like chopping, grinding 
and cutting create initial conditions for microorganisms and increase the degradation and 
hydrolysis rate of the insoluble solid substrate [209]. The most important physical factor is 
the particle size that affects the surface area to volume ratio of the solid substrate [220]. 
Small size particles would provide large surface area per volume and allow full contact of 
microorganisms with nutrients but oxygen diffusion is reduced [205]. Large size particles 
provide small area per volume ratio and allow excellent oxygen diffusion but contact with 
nutrients is reduced [205]. A suitable particle size should satisfy both mycelial growth and 
the demand for oxygen and nutrients [213, 220]. Particle size also affects the size of inter-
particle voids and porosity [209]. Any change in porosity of the solid substrate bed 
changes the apparent density of solid substrate and diffusion of gases into the bed. A 
large pore size is suitable for an adequate oxygen supply [204]. If porosity is limited, the 
effective diffusivity of gases is less. Particle size and properties may change during 
fermentation. These do not only affect the growth of microorganisms, but also affect 
temperature monitoring controls, substrate consumption, product concentrations and 
moisture content [218]. 
4.2.9 Mechanical Factors 
 Agitation/Mixing 
Agitation or mixing plays the same role as aeration. In addition, agitation is a possible 
alternative to solve heterogeneity problems in SSF and might improve homogeneity and 
disrupt gradients [209, 214]. Another benefit of agitation is that air flow is more evenly 
distributed which improves the conditions for microbial growth within the entire fermented 
bed [214]. However, agitation affects mycelium formation as shear forces due to agitation 
can destroy the mycelium. Continuous agitation also may create problems related to cell 
damage especially when filamentous fungi are used [211]. A slower agitation speed might 
be necessary and some bioreactors perform this by using intermittent agitation to avoid 
serious damage to the mycelium [209]. Agitation within an SSF process is preferred with 
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bacteria or yeast as their cells are usually not in tight contact with the solid substrate 
surface. Overall, this agitation or mixing procedure is not always advisable. 
 
 Particular design of bioreactors 
In the fermentation process, the bioreactor provides the suitable conditions for microbial 
growth. SSF can be considered a “closed system”. At time t = 0, the sterilized solid 
substrate in the bioreactor is inoculated with the microorganism and incubation is allowed 
to proceed under optimal physiological conditions. During fermentation process, nothing is 
added into the bioreactor except oxygen (in the form of air). However, the composition of 
the culture medium including biomass and metabolites concentrations generally changes 
constantly as a result of the metabolism of the cells. Despite the heterogeneity of the solid 
substrate in the bioreactor, there are several parameters such as transport of oxygen and 
the production and removal of metabolic heat involving aeration/agitation, moisture 
content, temperature, microorganism type, and solid substrate used, which are relevant to 
the particular design of the suitable bioreactor for a particular fermentation process. A 
detailed discussion will be provided in the next section on bioreactors for SSF. 
4.3 SSF Bioreactors 
The basic groups of reactor exist for SSF used for large-scale product formation may be 
distinguished by the type of mixing and aeration used. 
4.3.1 Tray Bioreactors 
Tray bioreactors tend to be very simple in design, with no forced aeration or mixing of the 
solid substrate. Such reactors are restrictive in the amount of substrate that can be 
fermented, as only thin layers can be used, so as to avoid overheating and maintain 
aerobic conditions. Tray undersides are perforated to allow aeration of the solid substrate, 
each arranged above each other. In such reactors, temperature and relative humidity are 
the only controllable external parameters [205]. The use of tray fermenters in large-scale 
production is limited as they require a large operational area and tend to be labor 
intensive. The lack of adaptability of this type of fermenter makes it an unattractive design 
for any large-scale production. 
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4.3.2 Drum Bioreactors 
Drum bioreactors are designed to allow adequate aeration and mixing of the solid, whilst 
limiting the damage to the inoculum or product. Mixing and aeration of the medium is 
achieved by rotating the entire vessel or through the use of various agitation devices both 
carried out on a continuous or periodic basis. In contrast to tray reactors, growth of the 
inoculum in drum bioreactors is considered to be better and more uniform. Increased 
sheer forces through mixing, can however, have a detrimental effect on the ultimate 
product yield. Although the mass heat transfer, aeration and mixing of the substrate is 
increased, damage to inoculum and heat buildup through sheer forces may affect the final 
product yield. Thus the selection of drum reactors for large-scale fermentations also 
poses implementation difficulties. 
4.3.3 Packed Bed Bioreactors 
Columns are usually constructed from glass or plastic with the solid substrate supported 
on a perforated base through which forced aeration is applied. They have been 
successfully used for the production of enzymes, organic acids and secondary 
metabolites. Forced aeration is generally applied at the bottom of the column, with the 
humidity of the air kept high to avoid desiccation of the substrate. Disadvantages 
associated with packed bed column bioreactors for SSF include difficulties in retrieving 
the product, non-uniform growth, poor heat removal and scale-up problems [205]. 
4.3.4 Fluidized-bed bioreactors 
Typically, fluidized-bed bioreactors are constructed from a vertical chamber with a 
perforated base plate. Forced aeration of the bottom chamber at sufficient speed to 
fluidize the solid substrate particles and cause mixing. Also, the bioreactor has an agitator 
(clump breaker), breaking up agglomerates that can form and settle to the bottom [219]. 
The bed expands and so enough headspace is needed. The mixture of solid particles and 
gas will behave like a liquid. This fluidized-bed bioreactor provides a good mixing 
behavior of gas, solid and liquids [204]. The substrate properties of gas-solid fluidized-bed 
bioreactors influence bioreactor effectiveness. For example, a sticky substrate will form 
large agglomerates (clumps), which cannot be fluidized [217]. Fluidization is more 
effective when the solid substrate has particles of similar size [217]. There is no problem 
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in controlling the substrate bed temperature, because high flow rates for fluidization 
provide large convective cooling capacity [199, 204] and good rate of heat and mass 
transfer [205, 219]. However, mixing steps in fluidized bed could damage the penetrative 
mycelium of the fungus [217]. 
4.3.5 Spouted-bed bioreactors 
In spouted-bed bioreactors, air is only blown upwards through the central axis of the solid 
bed. As a result, only part of the bed is fluidized and the bed can be expanded. Due to the 
vigorous contact between gas and solids, solids slip down the bottom of bioreactor due to 
its sloped sides and solids cycle continuously [221]. The advantage of the spouted-bed 
bioreactor is that it prevents particles agglomeration caused by high speed impacts in the 
spouted-bed’s core region [209]. This is suitable for handling solids, which have sticky 
nature, irregular texture or size distribution that cannot be treated in fluidized-bed 
bioreactors [209]. Also spouted-bed bioreactors are able to handle large coarse solid 
particles, different densities and shapes, which are related to solid substrate for the SSF 
process. Furthermore, spouted-bed bioreactors have other advantages for mass and heat 
transfer. This is because exceptional mixing of solid substrates in the bioreactor creates 
high mass and heat transfer rates [209, 221]. Spouted bed bioreactor show improved 
fermentation performance, including higher product titers, yields, and productivity 
[204]. 
4.4 Agro-Residue Bioconversion in SSF 
Commonly used sources of carbon in SSF include agricultural crops, as well as agro-
industrial waste residues and by-products. Lignocellulosic materials of agriculture origin 
compose more than 60% of plant biomass produced annually through the process of 
photosynthesis. This vast resource is a potential and renewable source of biofuels, 
biofertilizers, animal feed and chemical feedstocks. In all applications the primary 
requirement is the hydrolysis of lignocellulose into fermentable sugars by lignocellulolytic 
enzymes, or appropriate modification of the structure of lignocellulose. Economical and 
effective lignocellulolytic enzyme complexes, containing cellulases, hemicellulases, 
pectinases and ligninases may be prepared by SSF. To fully utilize the potential of 
lignocellulose, it has to be converted by chemical and/or biological processes. Crop 
Chapter 4: Solid State Fermentation Process 57 
 
residues (straw, corn by-products, bagasse, etc.) are particularly suitable for this purpose, 
since they are available in large quantities in processing facilities (Pandey et al. 2001). 
Agricultural residues may be converted into animal feed enriched with microbial biomass, 
enzymes, biopromoters, and made more digestible by SSF. Lignocellulosic waste may be 
composted to targeted biofertilizer, biopesticide and biopromoter products. Post-harvest 
residue may be decomposed on site by filamentous fungi and recycled to the soil with 
improved biofertilizer and bioprotective properties. 
4.4.1 Nature of Substrates 
Bacterial and yeast cultures grow on the surface of substrate fibrils and particles while 
fungal mycelia penetrate into the particles of substrate for nutrition. The solid phase in 
SSF provides a rich and complex source of nutrients that may be sufficient or sometimes 
insufficient and incomplete with respect to the overall nutritional requirements of a 
particular microorganism. Solid substrates generally contain some small carbon 
compounds but the bulk of its total dry weight is a complex polymer requiring enzymatic 
hydrolysis to become a microbial carbon-energy source. In comparison with liquid-state 
fermentation, which generally use less complex carbon energy sources, solid insoluble 
substrates provide mixed ingredients of high molecular weight carbon compounds. Such 
complex carbon compounds may contribute inhibition, induction, or repression 
mechanism in microbial metabolism during solid state cultivation [205]. 
4.4.2 Potential applications of agro-industrial wastes in SSF 
processes for the obtainment of value-added compounds 
SSF has two potential areas of application. One of them is for environmental control such 
as for the production of compost, ensiling and animal feed from solid wastes, 
bioremediation and biodegradation of hazardous compounds, and biological detoxification 
of agroindustrial wastes. On the other hand, SSF may be utilized to obtain value-added 
compounds such as enzymes, mushrooms, amino acids, biopesticides, biofuels, 
biosurfactants, organic acids, flavours, colorants, aromatic compounds, biologically active 
secondary metabolites, and other substances of interest to the food industry. The 
following sections describe some of the most important applications of agro-industrial 
wastes in SSF processes and the microorganisms used and products obtained. 
 5. Chapter 5: Materials and Methods 
Overview 
This chapter describes materials and methods used beginning with the raw materials 
description and characterization methods. Then, experimental procedures followed to 
obtain biofertilizers through AD and SSF are presented. Finally, simulation procedure, 
including techno-economic and environmental assessments for both fermentation 
processes are also presented. 
5.1 Raw materials 
5.1.1 Sugarcane bagasse 
Sugarcane bagasse (SCB) was obtained on April 2014 from a farm (Salamina, Caldas, 
Colombia). SCB was stored at room temperature (18°C) at the Instituto de Biotecnología 
y Agroindustria (IBA, Universidad Nacional de Colombia-Manizales Campus) before its 
characterization and processing within 10 days. 
5.1.2 Palm oil empty fruit bunches 
Palm oil empty fruit bunches (EFB) were obtained from a palm oil extraction plant (Palmar 
Santa Elena, Tumaco, Nariño, Colombia). EFB were stored at room temperature (18°C) 
at IBA before its characterization and processing within 30 days. 
5.1.3 Coffee husk 
Coffee husk (CH) provided by Company Trilladora Manizales S.A. (Manizales, Caldas, 
Colombia) was stored at room temperature (18°C) at IBA before its characterization and 
processing within 10 days. 
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5.1.4 Orange peel 
Valencia orange peel (OP) was provided by Frugy S.A. (Manizales, Caldas, Colombia OP 
was stored at -20°C at IBA before its analysis and processing within 5 days. 
5.1.5 Olive tree pruning 
Olive tree pruning (OTP) obtained from cultivar (Jaen, Spain) and stored at room 
temperature (30°C) at the Chemical Engineering Laboratory (University of Jaen) before its 
analysis and processing within 5 days. 
5.2 Characterization of raw materials 
Characterization of each feedstock, performed in duplicates, comprised determination of 
extractives [222], moisture and total solids [223] and the content of insoluble solids [224], 
fixed and volatile solids [225]; cellulose, hemicellulose and lignin [226]; and, byproducts 
and inhibitors [227]. These characterization procedures were performed at the Chemical 
Engineering Laboratory of the University of Jaen following the Standard Biomass 
Laboratory Procedures from the National Renewable Energy Laboratory (NREL). 
Besides, the elemental analysis and the nutrients composition were assessed for each 
feedstock, at the Centro de Instrumentación Científico-Técnica (CiCT) at the University of 
Jaen. 
5.2.1 Reagents 
Analytical grade anhydrous xylose, anhydrous arabinose and calcium carbonate and 
furfural were purchased from Sigma-Aldrich (San Luis, MO); anhydrous glucose, 
anhydrous mannose and anhydrous galactose from Fluka (Buchs, Switzerland); 
anhydrous ethanol, sulfuric acid (96%), nitric acid (65%) and hydrogen peroxide from 
Panreac (Barcelona, Spain); formic and acetic acids from Riedel de Haën (Morristown, 
NJ); and, hydroxymethylfurfural (HMF) from Alfa Aesar (Ward Hill, MA). 
5.2.2 Inoculum for AD 
An aerobic slurry sample provided by Empresa Municipal de Aseo (EMAS) (Manizales, 
Caldas, Colombia) was characterized at IBA and Laboratorio de Equilibrio y Cinética 
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Enzimática (Universidad Nacional de Colombia-Manizales Campus), including total 
suspended solids (TSS), volatile suspended solids (VSS) and fixed suspended solids 
(FSS), according to procedures described in a later section. 
5.2.3 Inoculum for SSF 
Fussarium solani used for SSF was provided by the Instituto de Investigación en 
Microbiología from Universidad Católica de Manizales on Potato Dextrose Agar (PDA) 
was cultivated and maintained on Saboraud Dextrose Chloramphenicol Agar (SDCA). 
This procedure was carried out at the Microbiology Laboratory and Food Laboratory 
(Universidad Nacional de Colombia-Manizales Campus). 
5.2.4 Preparation of the raw materials 
To carry out their characterization, raw materials must be conditioned first. SCB, EFB, CH 
and OTP were size-reduced up to 0.42 mm (40 mesh) by a milling (Retsch model ZM 
200, Retsch-Solutions in Milling & Sieving, Hann, Germany). On the other hand, orange 
peel was air-dried during 24 hours (temperature of 18°C and a relativity humidity of 80%), 
and then oven-dried at 60°C during 48 hours to remove the excess of water [228]. Finally 
the orange peel was also milled up to 0.42 mm (Retsch model ZM 200). 
5.2.5 Moisture, total solids, fixed solids and volatile solids 
contents 
Moisture content of a conditioned sample (0.5 to 2 g) was measured according to NREL 
procedures [223] and defined as water and other components volatilized at 105°C up to 
reaching constant weight. Firstly a crucible was oven-dried at 105°C for a minimum of 4 
hours then cooled in a desiccator and weighed. A sample was added, weighed and then 
placed in the drying oven at 105±3°C for at least 4 hours. Crucibles with samples were 
removed from the oven and cooled in a desiccator at room temperature. Then the ceramic 
dish containing the dried samples were weighed and returned to the oven. This procedure 
was repeated every hour until obtaining constant weight. Finally, the moisture content was 
expressed as: 
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Where DM and m0 are the dry and initial sample weight, respectively. Next, the total solids 
(TS) was obtained as: 
 
100
m
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TS%
0
                  (5.2) 
 
The ash or fixed solids (FS) content in biomass materials represent both structural and 
extractable inorganic material. The inorganic ash is the inorganic material bound to the 
biomass solids. On the other hand, extractable ash is the inorganic material that can be 
removed either by extracting or washing the material. In this work, ash was expressed as 
the residue remaining after dry oxidation at 550-600°C [225]. For this procedure, the 
sample must be previously oven-dried at 105°C. The sample was weighed in a crucible 
previously dried in a muffle furnace at 575±25°C for at least 4 hours and then cooled in a 
dessicator. Then, the sample was placed back into the muffle furnace at 575±25°C until 
reaching constant weight. The fixed solids content in sample was obtained as follows: 
 
100
m
m
FS%
0
F                   (5.3) 
 
Where mF is the sample mass obtained at the end of the drying operation. The volatile 
solids (VS) defined as the solids that can be ignited at 575±25°C and was calculated as 
follows: 
 
FS%TS%VS%                   (5.4) 
5.2.6 Extractives 
This method used to determine soluble and non-structural materials in a 4-8 g of biomass 
conditioned sample involves two extractions to remove water soluble and ethanol soluble 
materials [222]. Through the water extraction step, inorganic material (from the biomass 
and any other soluble material associated with the biomass, such as soil or fertilizer), non-
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structural sugars and nitrogenous material among others can be removed. On the other 
hand, chlorophyll, waxes and other minor components can be extracted with ethanol. The 
sample was carefully placed into a cellulose thimble, previously dried at 105°C, and 
weighed. Then, the cellulose thimble was placed into the Soxhlet extraction unit. After, 
160 ml of water were added to a 250 ml round bottom flask, previously weighed, with 
boiling chips to reduce boiling turbulence. The water extraction step was carried out under 
reflux for 24 hours. Thereafter the thimble was recovered and the excess of water 
removed by drying at 105°C until reaching constant weight. For the ethanol extraction 
step, 180 ml ethanol at 95% was added in gthe Soxhlet and a similar procedure was then 
followed. To calculate the percentage of water and ethanol extractives, the dry mass (DM) 
of the extracted sample were be determined first as: 
 
100
TS%m
DM 0

                  (5.5) 
 
Where m0 was the initial mass of the sample for this method. 
 
The water and ethanol extractives (%WE and %EE, respectively) were calculated as 
follows: 
 
100
DM
m
WE% FW                   (5.6) 
 
100
DM
m
EE% FE                   (5.7) 
 
Where mFW and mFE were the final dry mass of the sample after the water and ethanol 
extraction steps, respectively. Finally, the total extractives were expressed as: 
 
EE%WE%TE%                              (5.8) 
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5.2.7 Cellulose, hemicellulose and lignin 
Biomass is mainly composed of carbohydrates and lignin. Carbohydrates are classified 
into structural (those bonded to the biomass matrix) and non-structural (those that can be 
removed using extraction or washing processes) while lignin can be fractionated into acid 
soluble and acid insoluble materials. The procedure was performed as prescribed by the 
NREL Laboratories [226] and applied to extractive free samples. For this method, 
0.3±0.01 g of extractive-free samples was added in triplicate to test tubes. Then, 3±0.01 
ml of sulfuric acid at 72% were added to the sample while mixing with a stirring rod for 
one minute to ensure uniform particle hydrolysis. Thereafter the tube was placed in a 
water bath at 30±3°C for 1 hour while stirring every 15 minutes. The resulting mixture was 
diluted with 84±0.04 ml of deionized water using 250 ml well-sealed screw cap bottles and 
autoclaved for 1 hour at 121°C. The same procedure was followed for the D-(+)glucose, 
D-(+)xylose, D-(+)galactose, L-(+)arabinose and D-(+)mannose sugar standards used to 
correct for losses due to destruction of sugars during the acid hydrolysis. The autoclaved 
hydrolysis solution was filtered and an aliquot (5 ml) was recovered into a test tube to 
determine acid soluble lignin and structural carbohydrates. 
 
To determine the structural carbohydrates, the liquid fraction was centrifuged, filtered 
through a pre-chromatography column (calcium carbonate and ionic exchange resin), 
filtered through a 0.45 μm membrane (Gelman Sciences Inc., Lansing, MI) and analyzed 
by HPLC. The HPLC system (Waters, Milford, MA) was equipped with a refractive index 
detector (model 2414). A CARBOSep CHO-782 Pb (Transgenomic, Inc., Omaha, NE) 
carbohydrate analysis column operating at 70 °C with ultrapure water as a mobile-phase 
(0.6 mL/min) was used for the monomeric sugars (glucose, xylose, galactose, arabinose 
and mannose) determinations. Calibration curves for each analyte were done by 
preparing the following concentrations: 30, 20, 10, 5, 3.34, 1.67, 0.84, 0.42, 0.33 and 0.17 
g/l. Cellulose and hemicellulose compositions in the lignocellulosic materials were 
obtained using the structural sugars compositions obtained through this procedure, as 
follows [226]: 
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where MCellulose, MGlucose, MGalactose, MManose, MHemicellulose, MXylose and MArabinose correspond to 
the molecular masses of cellulose, glucose, galactose, manose, hemicellulose, xylose 
and arabinose, respectively. 
 
Acid soluble lignin was determined using an UV-Visible spectrophotometer at 205 nm, 
after diluting the sample in sulfuric acid at 4% as necessary to obtain an absorbance in 
the 0.2-0.7 range. The same solvent (sulfuric acid at 4%) was used as blank. The acid 
soluble lignin content was calculated as [226]: 
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                           (5.11) 
 
Where A is the absorbance at 205 nm, df is the dilution factor, Vfiltrate is the volume of the 
hydrolysis liquor (86.73 ml), b is the pathlength of the UV-Vis cell in cm, a is the extinction 
coefficient (110 l/g-cm) and DMFES is the mass of the original extractives free sample. 
 
The solid fraction used to determine acid insoluble lignin content was drying at 105±3°C 
until obtaining constant weight and then placing in the muffle furnace at 575±25°C until 
constant weight. The acid insoluble lignin content was calculated as [226]: 
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Where %AIR is the percentage of acid insoluble residue, mAIR is the mass of the acid 
insoluble residue in dry basis, DMFES is the mass of the original extractives free sample, 
%AIL is the percentage of acid insoluble lignin and mash is the mass of the ash. 
 
The total lignin content on an extractives-free basis was calculated as: 
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ASL%AIL%Lignin% freeExt                            (5.14) 
And the total lignin value for the original sample: 
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
                         (5.15) 
5.2.8 Byproducts and inhibitors 
After acid hydrolysis, the liquid fraction may contain carbohydrate degradation products 
(inhibitors) such as furfural and HMF, and other components as organic acids and 
alcohols. Furfural, HMF, acetic acid and formic acid content were analyzed by HPLC in a 
Hewlett-Packard 1100 system (Hewlett-Packard, Palo Alto, CA) equipped with a refractive 
index detector. The separation was performed with a Aminex HPX-87H column (Bio-Rad, 
Hercules, CA) operating at 65 °C with 5 mM sulfuric acid as an eluent at a flow rate of 0.6 
mL/min [227]. 
5.2.9 Elemental analysis 
Elemental analysis of dried samples (0.5 g) to obtain the total nitrogen, carbon, hydrogen, 
sulfur and oxygen contents for each feedstock was determined using an Organic 
Elemental Analyzer Flash EA 1112 (Thermo Scientific, Waltham, MA) located at the 
Centro de Instrumentación Científico-Técnica (CiCT) at the Universidad de Jaen. The 
analytical method is based on the complete and instantaneous oxidation of the sample 
into combustion products. The resulting combustion gases are transported by the carrier 
gas, in this case helium (He), through a reduction tube and then selectively isolated in 
specific chromatographic columns. Finaly, the gases go through a thermal conductivity 
detector which returns a signal that is proportional to the component concentrations. The 
experimental procedure is as follows: Firstly, 0.5 g of the dried sample packed in a tin 
capsule is put into the combustion reactor at 900°C. Inmediately, the continuous flow of 
He is interrupted and a specific amount of oxygen is fed into the reactor for few seconds. 
The exothermic reaction is then activated when tin is in contact with the extremely 
oxidative environment. Temperature increases to 1800°C approximately causing the 
instantaneous combustion of the sample. After cutting the oxygen supply, He flow is 
restored. Combustion products are carried by the He flow through the reactor where the 
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oxidation is completed. The resulting mixture (N2, CO2, H2O and SO2) goes through the 
chromatographic column where the components isolation occurs. The isolated and eluted 
gases go through the column individually to the thermal conductivity detector generating 
electric signals that are then processed to obtain the nitrogen, carbon, hydrogen and 
sulfur contents in the sample. 
5.2.10 Nutrients 
Potassium (K), phosphorous (P), sodium (Na), calcium (Ca) and magnesium (Mg) were 
determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) 7500a (Agilent 
Technologies, Santa Clara, CA) located at the Centro de Instrumentación Científico-
Técnica (CiCT) at the University of Jaen. Firstly, a dry basis sample was pretreated by 
microwave digestion using a CEM MARS Express Microwave Accelerated Reaction 
System (CEM Corporation, Matthews, NC), with adjustable power between 0-1600 watts 
and a frequency of 2455 MHz, located at the Centro de Instrumentación Científico-
Técnica (CiCT) at the University of Jaen. The digestion breaks down the sample matrix 
leaving the nutrients in solution. The sample (0.5 g) was placed into a 55 ml Xpress tube 
(220°C and 500 psi maxima) with 7 ml of nitric acid (70%) and hydrogen peroxide (30%) 
and heated as described in Table 5-1. 
 
Table 5-1: Conditions to carry out the digestion for nutrient determination 
Stage Max. Power (W) % Power Ramp (min) Temperature (°C) Hold (min) 
1 1600 90 15 200 5 
2 1600 90 1 210 5 
3 1600 90 1 220 5 
 
After the digestion, the resulting liquid was diluted in deionized water up to 100 ml using a 
volumetric flask and analyzed through ICP-MS. 
5.2.11 Total suspended solids (TSS), volatile suspended 
solids (VSS) and fixed suspended solids (FSS) 
Total suspended solids (TSS) were determined as follows. First, an aliquot of the sample 
was weighed and filtered through 10 μm filter paper (BOECO, Hamburg, Germany). The 
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filter paper was then oven-dried at 105°C up to obtaining constant weight. The TSS 
content was calculated as [229]: 
 
100
m
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0
ss                 (5.16) 
 
Where DMss and m0 are the final and initial sample weight, respectively. 
 
Then, the oven-dried sample is incinerated at 550°C to determine fixed and volatile 
suspended solids (FSS and VSS, respectively) until obtaining constant weight, as follows: 
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FSS%TSS%VSS%                (5.18) 
 
Where mF is the final weight after incineration. 
5.3 AD process 
The experimental procedure for the AD process of CH substrate and carried in duplicate 
was desdribed by Figure 5-1. 
 
Figure 5-1: Experimental procedure of the AD process of CH with alkaline pretreatment 
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5.3.1 Reagents 
Potassium hydroxide (97%) used in the pretreatment process was purchased from Carlo 
Erba (Cornadero, MI). Urea (97%) was purchased from Sigma Aldrich (San Luis, MO). 
5.3.2 Pretreatment 
Pretreatment of raw materials prior to biodigestion included physical and chemical 
procedures. CH was firstly milled using a Thomas Model 4 Wiley® Mill (Thomas Scientific, 
Swedesboro, NJ) and then treated with KOH as follows. A lignocellulosic biomass sample 
(50 g) was pretreated with 500 ml of KOH (2.5 g/L) at 121°C for 45 min as described by 
Chandra et al. [230]. The pretreated samples were filtered through filter paper (10 μm, 
Boeco) to separate a solid and liquid fraction. Then, the solid fraction was oven-dried at 
105°C until constant weight. 
5.3.3 AD process 
The digestions were performed in duplicates using 30 g of substrate, with the required 
amount of inoculum to obtain a TS content of 22% [166, 231]. Urea was added to adjust 
the C/N ratio to 30. The reactions were carried out in batch regime at 45°C during 20 days 
in a 250 ml reactor (See Figure 5-2). Biogas was collected by water displacement into a 
100 ml glass graduated cylinder (See  
 
Figure 5-3). 
 
Figure 5-2: Reactor used to perform the SS-AD. 
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Figure 5-3: System used to collect the produced biogas. 
 
5.3.4 Characterization of the biogas and biofertilizers obtained 
The TS and TFS values for the slurry obtained (biofertilizer) were determined as 
previously described in Section 5.2.5. Biogas composition was analyzed using the 
Gasboard 3100P portable gas analyzer (Wuhan Cubic Optoelectronics Co., Ltd, Wuhan, 
China) shown in  
 
Figure 5-4. The Gasboard 3100P reported carbon monoxide (CO), carbon dioxide (CO2), 
methane (CH4), hydrogen (H2) and oxygen (O2) percentages present in the gas and its 
calorific value. 
 
Figure 5-4: Portable infrared gas analyzer used to analyze the biogas composition. 
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5.4 Solid state fermentation process 
The experimental procedure for the SSF process is described in Figure 5-5 for SCB and 
CH. All experiments were carried out in duplicates. 
 
Figure 5-5: Experimental procedure of the solid state fermentation process - 
 
 
5.4.1 Reagents 
Potassium hydroxide (97%), Sucrose (98%), Sodium nitrate (97%), dipotassium 
phosphate (98%), Magnesium sulfate heptahydrate (97%), potassium chloride (97%), 
copper (II) sulfate (98%), iron (III) chloride (98%), zinc sulfate (97%) and hydrochloric acid 
were purchased from Fluka. 
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5.4.2 Pretreatment 
Prior to SSF the lignocellulosic biomasses were processed in a Thomas Model 4 Wiley® 
Mill (Thomas Scientific). Milled substrates (50 g) were treated with 500 ml of KOH (2.5 
g/L) at 121°C for 45 min, according to procedure described by Chandra et al. [230] and 
then filtered (10 μm filter paper, Boeco) to obtain a solid and liquid fraction. Then, the 
solid fraction was oven dried at 105°C until obtaining constant weight. 
5.4.3 SSF process 
The inoculum was prepared by growing F. solani in 100 ml Erlenmeyer flask containing 25 
ml of Czapek-Dox broth at 150 rpm and 30°C for 4 days. For SSF 5 g of the solid 
substrate was mixed with 8 ml of a mineral salt solution and the initial moisture of the 
medium was then adjusted to 60% with deionized water. The medium was sterilized at 
121°C for 15 min and then inoculated with 3.5 ml of the 4-day of inoculum of F. solani, 
mixed thoroughly and incubated at 30°C and 45° angle for 10 days, according to the 
procedure described by Rangaswamy [232]. The Czapek-Dox broth was prepared by 
dissolving 30 g of sucrose, 3g of NaNO3, 1 g of K2HPO4, 0.5 g of MgSO4
.H2O, 0.5 g of KCl 
and 0.01 g of FeSO4 in 1 L of deionized water while the mineral salt solution was 
prepared by dissolving 0.007 g of CuSO4, 0.007 g of FeCl3 and 0.007 g of ZnSO4 in 1 L of 
0.2 mol/L HCl solution. 
 
Gibberellins were extracted from the SSF following the procedure described by 
Rangaswamy [232] by adding 100 ml of distilled water to the moldy bran. The resulting 
mixture was shaking at 150 rpm for 2 hours at 30°C. The slurry obtained was then filtered 
and the filtrate diluted to 100 ml with deionized water. The filtrate was centrifuged at 1000 
rpm using an Electronic Centrifuge model LC-O4S (Zenith Lab Co., Ltd, Jiangsu, China) 
for 10 min at environmental temperature (18°C). The supernatant was used to determine 
gibberellic acid concentration by UV-VIS spectrophotometer model 11-UV (EMCLAB 
Instruments, Duisburg, Germany) at 205 nm as described by Berrios et al. [233]. 
5.5 Process Design Approach 
Three stand-alone processes were simulated: (1) biogas and biofertilizers production 
through AD; (2) gibberellic acid production through SSF; and, (3) bioenergy production 
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through gasification. Moreover, a biorefinery scheme was proposed for each raw material, 
considering its experimental composition and previously published works, in order to 
compare the economic and environmental performance of the three processes proposed. 
 
Yields for the alkaline pretreatment of the raw materials with KOH for SS-AD and SSF 
were taken from Liu et al. [234]. The AD process was modeled using the kinetic model 
and yields reported by Dai et al. [235]. Gibberellic acid production was modeled using the 
kinetics reported by Gelmi et al. [236]. The kinetic model used for calculations of the acid 
hydrolysis was reported by Jin et al. [237]. For enzymatic hydrolysis, the kinetic 
expression reported by Morales-Rodrígez et al [238] was utilized. Yields for detoxification 
were those reported by Martinez et al. [239]. The fermentation stage for fuel ethanol 
production was calculated using the kinetic model reported by Leksawasdi et al. [240]. 
The kinetic model used for the calculation of PHB production was the one reported by 
Shahhosseini [241]. For xylitol production, the fermentation conditions were adapted from 
Tochampa et al. [242]. For furfural production, the reaction conditions were taken from 
Agirrezabal-Telleria et al. [243]. Yields for limonene and pectin extraction processes from 
orange peel were taken from Cerón and Cardona [48]. The processes simulated in this 
thesis are described in detail in the following section while the kinetic models used are 
summarized in Annex J. 
5.6 Process description 
5.6.1 Anaerobic digestion process 
The method used to perform the techno-economic analysis of the anaerobic digestion 
process was selected according to the feedstock availability. For high availability 
(byproducts from industrial processes) the commercial package Aspen Process Economic 
Evaluator (Aspen Technology Inc., Bedford, MA) was implemented. Meanwhile, for 
feedstocks with low availability (byproducts from smallholders), the procedure followed to 
evaluate the total production cost of biogas and biofertilizers was the one recommended 
by FAO as described in [244]. 
 
The solid substrate was assumed to be dried first to 8% moisture content and milled, 
when necessary, to a 40 mm particle size. For high-scale AD process, an alkaline 
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pretreatment with KOH (2.5 g/L) at 121°C and water to solid ratio of 10 increasing the 
yield as reported by Liu et al. [234]. Then, for the start-up of the AD process, the treated 
solid substrate was mixed with the activated sludge from an anaerobic reactor for 
municipal solid waste to obtain 22% of TS content. Then, urea was assumed to be added 
to the solid substrate to obtain a C/N ratio of 30. The digestion process was modeled 
according to the kinetic model described by Dai et al. [235]. After 60 days the slurry 
obtained was separated into the solid (25% moisture content) and liquid phases (biosol 
and biol, respectively). Part of the liquid slurry (enough to obtain 22% of TS content) was 
assumed to be recycled to the anaerobic digester to be used as inocula in the process. 
The remaining liquid phase was assumed to be used as foliar fertilizers while the solid 
would be used as soil fertilizer. The biogas produced would need to be first desulphurized 
with enough water to obtain maximum H2S content of 100 ppm, and then dehumidified 
until a methane content of approximately 80%. Finally, the biogas was assumed to be 
combusted with excess air (20%) to produce electricity and steam to cover part of the 
energy requirements of the AD plant. 
 
In the situation of low-scale AD process the milled raw material was assumed to be sent 
directly to the AD with activated sludge added for the start-up of the process, where it 
would be processed during 60 days [235]. Likewise the slurry obtained would be 
separated into biosol and biol, and part of the liquid slurry was recycled as inocula for 
further biodigestions. In this case, it was assumed that the biogas is directly used for 
cooking and then desulphurized to a maximum concentration of 10 ppm H2S. 
5.6.2 Solid state fermentation process 
The feedstock was assumed firstly pretreated at 20°C for 24 h with potassium hydroxide 
(40% on dry weight basis of the feedstock) with a solid to water ratio of 1:10 w/v [234]. 
Then, the resulting stream was assumed to be filtered (until 10% moisture) and the solids 
sent to SSF process and mixed with a mineral salt solution in a 1.6:1 liquid to solid ratio. 
After adjusting the initial moisture of the medium to 60% sterilization at 121°C for 15 min 
would be used before inoculation with F. solani in a ratio of 5:3.5 w/v (substrate:inoculum) 
and subsequent fermentation at 30°C for 10 days [245]. Gibberellic acid production was 
modeled using the kinetic expressions reported by Gelmi et al. [236]. Gibberellins were 
assumed to be extracted from the SSF by adding water at a 1:20 initial solid to liquid ratio 
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and shaking at 150 rpm for 2 hours at 30°C [232]. The slurry obtained was assumed to be 
centrifuged at 1000 rpm, filtered and sent to a triple effect evaporator [246] water was 
removal to obtain a suspension with 10% moisture content. The resulting stream was 
assumed to be subjected to a crystallization process at 20º C [246]. The cake obtained by 
centrifugation of the liquid stream was assumed to be subsequently sent to a dryer 
obtaining the gibberellic acid as powder with 0.1% moisture content while the supernatant 
was assumed to be recycled to the process. 
5.6.3 Energy cogeneration 
The technology assumed for cogeneration is the biomass integrated gasification 
combined cycle (BIGCC) [247-249]. Basic elements of the BIGCC system include a 
biomass dryer, gasification chamber, gas turbine and a heat steam recovery generator 
(HRSG). Gasification is a thermo-chemical conversion technology of carbonaceous 
materials (coal, petroleum coke and biomass), to produce a mixture of gaseous products 
(CO, CO2, H2O, H2, CH4) known as syngas added to small amounts of char and ash. 
Gasification temperatures range between 875-1275 K [250]. The properties and 
composition of syngas varies with the gasifying agent used (air, steam, steam-oxygen, 
oxygen-enriched air), gasification process and biomass properties [250]. Syngas is useful 
for a broad range of applications, including direct burning for production of heat and 
power, production of high quality fuels production, and production of chemicals such as 
methanol [251, 252]. A gas turbine is a rotator engine that extracts energy from the 
combustion gas generating power with an acceptable electrical efficiency, low emission 
and high reliability [253]. The HRSG is a high efficiency steam boiler that uses hot gases 
from a gas turbine or engine to generate steam, in a thermodynamic Rankine Cycle.  
5.6.4 Sugar extraction 
The raw material was assumed to be initially subjected to a process consisting of two 
hydrolysis steps in order to achieve the sugar extraction. In the first stage the 
hemicellulose fraction assumes hydrolysis with sulfuric acid (4% by weight) at 100 °C and 
a solid to liquid ratio of 1:20 according to [237] generating a non-converted solid fraction 
and a pentose-rich liquor which was separated by filtration. Then the solid fraction, rich in 
cellulose and lignin was assumed to be subjected to an enzymatic hydrolysis at 37°C 
described by Morales-Rodriguez et al. [238] to obtain a liquor rich in hexoses and a solid 
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residue rich in lignin. In addition, decomposition reactions of sugars during the acid 
hydrolysis step may yield furfural and hydroxymethyl furfural (HMF) requiring the use of 
detoxification technology which in this work was assumed to be overliming [239]. This 
procedure is carried out to avoid fermentation poisoning and inhibition by the acids, 
furfural and HMF.  
5.6.5 Ethanol production 
The liquor resulting from the sugar extraction process and sterilized at 121 °C was 
assumed to be fermented following the kinetic expressions reported by Leksawasdi et al. 
[240], at 30°C during 20 h Zymomonas mobilis as microorganism. Afterwards the culture 
broth containing approximately 7-10% (wt/wt) of ethanol must be separated from the cell 
biomass and taken to the separation zone consisting of two distillation columns. In the 
first column, ethanol was assumed to be concentrated to 50-55% by weight. After 
concentration to the azeotropic point (96% wt) in the second column, an ethanol 
concentration of 99.7% wt was obtained in the dehydration zone with molecular sieves 
[254] 
5.6.6 Xylitol production 
Xylitol can be synthesized from xylose by the yeast Candida mogii. In this study, the liquor 
sterilized for 1 h at 121 °C in was assumed to follow a C. moggi fermentation process at 
30°C with a dissolved oxygen concentration of 20% and described by the kinetic 
expression reported by Tochampa et al. [242]. After fermentation, the resulting stream 
must be filtered to separate the biomass and by increasing temperature to 40 ºC a flash 
operation was assumed as being used to concentrate xylitol. Next evaporation was 
assumed to to eliminate the excess of water and facilitate crystallization concentration 
which was assumed to occur after adding ethanol in a ratio 1:9 xylitol:ethanol to decrease 
drastically the xylitol solubility and supersaturate the solution and assuming a 
crystallization at 5°C [255]. 
5.6.7 Furfural production 
Furfural can be obtained from the xylose-rich liquor via xylose cyclodehydration using air 
as stripping agent for removing it as it is produced [243]. First the liquor was assumed to 
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be sent to a reactor at 180°C and 10 bar and where air is fed at a ratio of 30:1 air to feed 
ratio. The resulting stream is then depressurized to recover a liquid fraction subjected to a 
liquid-liquid extraction process with toluene as solvent with 1:1 v/v ratio to recover furfural. 
Finally, the solvent-furfural stream was assumed to be distilled obtaining furfural as the 
bottom product). 
5.6.8 Limonene extraction 
Limonene content in the essential oil from orange peel is approximately 98% [256]. 
Orange peel milled to reduce particle size was assumed to be sent to a steam distillation 
at 90ºC to extract the essential oil and obtaining oil-water emulsion containing 95.6% 
essential oil by weight [256]. The steam distillation can reach yields higher than those 
obtained with the vacuum distillation process [256]. The resulting stream was assumed to 
be subjected to a liquid-liquid separation stage at 25°C to separate the essential oil [256] 
[256]. 
5.6.9 Pectin extraction 
Output solids from the oil extraction process were assumed be sent to a pectin extraction 
process by hydrolysis with citric acid during 60 minutes at 80°C, as described by Cerón 
and Cardona [256]. Pectin was then decanted using ethanol at 95% in a ratio 1:2 output 
stream to ethanol ratio. 
5.7 Process simulation 
Must be define, structure, specify and simulate the various technological schemes 
proposed to transform the selected lignocellulosic raw materials into biofertilizers, 
bioenergy and other value-added products the commercial package Aspen Plus v8.4 was 
the main tool used. The most complex and detailed technological schemes are obtained 
through rigorous simulations, which involve sensitivity analysis and search of optimal 
operation conditions. Besides, the specialized package Matlab was used for performing 
mathematical calculations including those required for kinetic analysis. Thermodynamic 
properties for conventional molecules were obtained from [257] and the NIST Database. 
Meanwhile, the biomass was introduced into the simulator database according to the 
chemical compositions determined following the methodology described in section 5.2. 
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The thermodynamic models used for the simulation were UNIFAC Dortmund method and 
Soave Redlich Kwong with the Bosto Mathias (RKS-BM) modification method [258, 259] 
for liquid and vapor phases, respectively. On the other hand, for simulations involving 
ethanol, the Non-Randonm Two-Liquid (NRTL) model was employed using specific 
physical-property obtained from [260, 261]. Besides to be used to predict the phase 
equilibria and excess properties, the UNIFAC Dortmund method and the Soave Redlich 
Kwong equation are also used for the synthesis and design of thermal reactions, selection 
of cosolvents for biphasic reactions, calculation of chemical equilibria, prediction of flash 
points and estimation of the fate of a chemical in the environment [262]. The UNIFAC 
Dortmund method allows for the reliable prediction of different properties of a 
thermodynamic mixture such as vapor-liquid equilibria (VLE), activity coefficients at 
infinite dilution, excess enthalpies, liquid-liquid equilibria (LLE), solid-liquid equilibria of 
eutectic systems (SLE) and azeotropic data over a wide termperature range, through the 
simultaneous fitting of the group interaction parameters for a given mixture [262]. On the 
other hand, the NRTL model is an activity coefficient model that correlates the activity 
coefficients of a compound with its mole fractions in the liquid phase [263]. 
5.8 Process assessment 
5.8.1 Energy consumption 
Energy consumption estimations were performed using the mass and energy balances 
generated by Aspen simulator. Then, thermal energy required by heat exchangers and re-
boilers and the electric energy needs of the pumps, compressors, mills and other 
equipment were calculated. 
5.8.2 Economic assessment 
The capital and operating costs were calculated using the software Aspen Economic 
Analyzer V8.4 (Aspen Technologies, Inc.). Specific parameters regarding Colombia and 
Spain conditions such as income tax, annual interest rate and labor salaries, among 
others, were incorporated in order to calculate the production costs per unit for the 
different obtained products (Table 5-2). In Table 5-3 the prices of the raw materials used 
in the economic evaluation are summarized. 
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Table 5-2: Economic parameters at Colombian [264] and Spain conditions 
Parameter Unit Colombia Spain* 
Income tax % 33 35 
Annual interest rate % 17 6 
Operator labor cost USD/h 2.14 22.36 
Supervisor labor cost USD/h 4.29 24.55 
Electricity (interconnected zones) USD/ kWh 0.10 0.11 
Electricity (non-interconnected zones)* USD/ kWh 0.20 - 
Potable water USD/ m3 1.25 0.22 
Fuel USD/MWh 26.81 26.79 
* National average [265] 
 
Table 5-3: Prices of the raw materials used for performing the economic evaluation 
Raw material Unit Price Reference 
SCB USD/Ton 15.00 [34] 
EFB USD/Ton 5.00 [34] 
CH USD/Ton 20.00 Local price 
OP USD/Ton 5.00 Local price 
OTP USD/Ton 20.00 Local price 
Urea USD/Ton 369.80 [266] 
Toluene USD/kg 0.85 [266] 
Sulfuric Acid USD/kg 0.05 [266] 
Potassium hydroxide USD/kg 0.88 [266] 
Calcium Hydroxide USD/kg 0.05 [266] 
Low P. steam (3 bar) USD/Ton 1.57 [264] 
 
This analysis was estimated in US dollars for a 10-year period using a straight-line capital 
depreciation method. Besides, the net and unit profit margin of the proposed processes 
and its products, respectively, as well as the unit production cost in each case are shown 
as parameters for performing the economic assessment. 
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Table 5-4: Prices of the products used for performing the economic evaluation 
Products Unit Price Reference 
Liquid fertilizer (biol) USD/Ton 630.00 [267] 
Solid fertilizer (biosol) USD/Ton 320.00 [267] 
Gibberellic acid USD/kg 100.00-500.00 [268] 
Xylitol USD/kg 7.95 [269] 
Ethanol USD/L 1.24 [270] 
Furfural USD/kg 2.00 [271, 272] 
Orange Oil (Essential) USD/kg 3.25 [266] 
Pectin USD/kg 12.62 [266] 
 
5.8.3 Environmental assessment 
The environmental assessment included the potential environmental impact (PEI), a 
relative measure of the potential for a chemical to have an adeverse effect on human 
health and the environment and the greenhouse gases (GHG) emissions associated with 
the proposed processes. 
 
 Potential environmental impact (PEI) 
The Waste Reduction Algorithm WAR, developed by the National Risk Management 
Research Laboratory of the U.S. Environmental Protection Agency (EPA) was used as 
the PEI calculation method. The PEI for a given mass or energy quantity is defined as the 
effect that energy and mass have on the environment if they are arbitrary discharged. The 
environmental impact is a quantity that cannot be directly measured, however, it can be 
calculated from measurable indicators. Environmental impact categories used in the WAR 
GUI (Environmental Protection Agency, N.W., Washington) software include: Human 
toxicity by ingestion (HTPI), human toxicity by dermal exposition or inhalation (HTPE), 
aquatic toxicity potential (ATP), Global warming (GWP), Ozone depletion potential (ODP), 
Photochemical oxidation potential (PCOP) and acidification Potential (AP). This tool 
considers the impact by mass effluents and the impact by energy requirements of a 
chemical process, based on the energy and mass balances generated in Aspen Plus. 
Then the weighted sum of all impacts ends into the final impact per kg of products. 
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 Greenhouse gas (GHG) emissions 
Another important environmental parameter is the GHG emissions associated with a 
particular process. This procedure was completed following the IPPC Guidelines [273]. 
GHG emissions were calculated using equivalent factors of 14 for CH4, 4.5 for CO, 196 
for NOx. Also GHG emissions were calculated for energy needs with no integration of 
cogeneration. The external energy source assumed was charcoal with an emission factor 
of 94600 kg CO2-e/TJ [273]. Nevertheless, when the process configurations were 
coupled with cogenerations systems the GHG emissions correspond to the mass balance 
in the exhausted gases from gasification. 
 
  
6. Chapter 6. Sugarcane bagasse 
Overview 
Sugar cane bagasse (SCB) is the fibrous residue remaining after extracting the sugar 
cane (Saccharum officinarum) juice in the sugar production process. It is one of the major 
lignocellulosic materials found in great quantities in tropical countries. According to FAO 
approximately 1870 million Tons of sugarcane were processed in 2013 throughout the 
world [274]. SCB is produced in large quantities by the sugar and alcohol industries in 
Brazil [275, 276], India [275, 277], Cuba [275], China [275, 278], México [276], Indonesia 
[279] and Colombia [280]. Currently, the most common use for SCB is energy production 
in cogeneration plants [79]. Because of the importance of SCB as an industrial waste, 
there is great interest in developing biological production methods for fuel and chemicals 
that offer economic, environmental, and strategic advantages [281], such as furfural [39], 
hydroxymethylfurfural [282], paper paste [283] or ethanol [34, 284, 285]. 
 
As an alternative to the conventional uses of SCB, experimental and simulation results for 
the biofertilizers and gibberellic acid production from SCB are presented in this chapter as 
stand-alone products. Experimental determinations include the physicochemical 
characterization of the SCB and laboratory scale anaerobic digestion and solid state 
fermentations. These results were used as simulation inputs to generate mass and 
energy balances subsequently used to perform the economic and environmental analysis 
for the processes for the products proposed. The techno-economic and environmental 
comparisons of these stand-alone processes with gasification as base case were also 
performed. Finally, techno-economic and environmental assessment for two biorefinery 
scenarios were conducted to evaluate the influence of integrating the production of 
biofertilizers and gibberellic acid together with other added-value products. 
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6.1 Experimental results 
6.1.1 SCB characterization 
The physicochemical characterization of the SCB was performed according to the 
experimental procedure described in section 5.2. Results in dry basis are shown in Table 
6-1. The SCB moisture content was 5.95±0.14% in accordance with reported values 
[286]. The structural sugars and amounts present in its cellulose and hemicellulose 
fractions were glucose (44.65±1.53%) and xylose (22.66±1.14%), respectively. Acid 
soluble and acid insoluble lignin contents were 0.99±0.13% and 17.37±0.14%, 
respectively. Meanwhile, acid insoluble ash content was 1.88±0.10%. SCB water-soluble 
extractives represented 62.23% of total extractives and included glucose (1.63±0.11%), 
xylose (1.07±0.21%), galactose (0.73±0.05%), arabinose (1.66±0.23%), mannose 
(0.28±0.004%) and acetic acid (0.32±0.08%). Therefore, total glucose and xylose content 
in SCB were 46.27±1.39 and 23.73±0.71, respectively. 
 
Table 6-1. Sugarcane bagasse physicochemical characterization in dry basis 
Parameter Composition (%) Deviation 
Cellulose 40.58 1.27 
Hemicellulose 20.06 0.60 
Lignin 18.36 0.17 
Extractives 7.74 0.75 
Ash 2.06 0.17 
O-Acyl groups 2.66 0.09 
 
The important operation AD parameters, total solids (TS) and volatile solids (VS) 
contents, were 94.05 and 91.99%, respectively. Ash content was very low when 
compared with other agro-based residues such as paddy straw, 16% [287], rice straw, 
14.5% [288] and wheat straw, 9.2% [289]. Finally, the characterization values obtained 
were in agreement with previously reported values for SCB showing lignin, cellulose, 
hemicellulose, ash and extractives in the 20-30% [34, 286, 290-295], 40-45% [290, 292], 
30-35% [290, 295], 1.29-3.93% [286, 291, 293, 296, 297] and 7-8 [34] range, respectively. 
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The SCB elemental analysis summarized in Table 6-2 showed that carbon and oxygen 
represent approximately 94% of the total composition with a 145.45 C/N ratio. Elemental 
analysis values determined in this work were consistent with previously reported values 
[286, 297] of 44.60-52.7%, 5.1-6.2%, 0.2-1%, and 37-46.84% for carbon, hydrogen, 
nitrogen and oxygen, respectively. 
 
Table 6-2. Elemental analysis for the sugarcane bagasse 
Element Composition (%) Deviation 
Nitrogen 0.3113 0.008 
Carbon 45.2772 0.1569 
Hydrogen 6.1967 0.1530 
Oxygen 48.2148 0.3179 
 
Important nutrients were also determined to asses the potential of SCB as raw material 
for the production of biofertilizers. Considering that in Colombia the annual production of 
sugarcane is 20.272.500 tons [78] and yields an average of 25 Ton SCB/100 Ton 
sugarcane, the SCB composition values summarized in Table 6-3 indicate an annual loss 
of approximately 6.9, 2.1, 5.7, 1.5 and 6.3 thousand tons of P, K, Ca, Na and Mg. 
 
Table 6-3. Nutrients concentration for sugarcane bagasse 
Nutrient Concentration (mg/kg SCB) Deviation 
P 676.67 13.48 
K 203.89 10,91 
Ca 562.39 57.77 
Na 149.40 25.04 
Mg 623.40 20.83 
 
In this chapter, these results were used to simulate the stand-alone biofertilizers, 
gibberellic acid and electricity production processes, as well as the biorefinery schemes. 
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6.1.2 Solid state fermentation 
First, 50 g of milled SCB were pretreated with 500 ml of KOH (2.5 g/L) following the 
procedure previously described. Then, 5 g of the solids obtained were subjected to SSF 
with F. solani as described in section 5.4.2 (Figure 6-1). Next, the GA3 was extracted from 
the solid substrate following the methodology described in section 5.4.2 and analyzed by 
UV-Vis spectrophotometry following the procedure described in the same section. 
Figure 6-1: Fermented SCB after 10 days 
 
6.2 Techno-economic assessment 
6.2.1 Gasification 
The gasification process is presented as a base case to compare its economic behavior 
with the AD and SSF processes considering low and high-scale operations. For low-scale 
gasification, six capacities were evaluated based on the SCB availability from panela 
production facilities (trapiches) and including middle-scale (600 and 1100 kg/h), low-scale 
(120 and 360 kg/h) and smallholders (25 and 80 kg/h) (see Table 2-3). On the other hand, 
for high-scale gasification, four processing capacities were assessed based on the 
availability of the SCB in the four main sugar and ethanol plants in Colombia, namely 40, 
65, 110 and 130 Ton (See Table 2-2). The gasification process was simulated according 
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to the procedure described in section 5.6.3. Briefly, SCB with a 50% and 47% moisture 
content from panela and sugar production processes, respectively, was dried to a 15% 
moisture content and then milled to an 80 mm particle size [380]. Next, the dried SCB is 
gasified with air at an equivalent volumetric ratio of 0.25 at 60 bar [381]. For low-scale 
gasification, the syngas obtained is depressurized to 1 bar to obtain electricity. The 
commercial software Aspen Plus was used to generate the results presented in Table 6-4 
for low-scale gasification. 
 
Table 6-4: Electricity production for low-scale gasification of SCB 
 SCB processing capacity (kg) 
25 80 120 360 600 1100 
Electricity (kWh) 2.32 7.43 11.13 33.37 55.62 101.98 
 
Yields of 93 and 186 kW/Ton on a wet and dry basis, respectively, were obtained for low-
scale SCB gasification simulations. According to the Colombian Unidad de Planeación 
Minero Energética (UPME) [382], 1560-2076 kWh-year is the basic subsistence electricity 
consumption range for Colombian homes, i.e., low-scale gasification processes could 
supply the yearly electricity demand of 3-4, 10-13, 12-16, 36-48, 60-81, 111-148 houses 
from 25, 80, 120, 360, 600 and 1100 kg of SCB gasified, respectively, operating 15 hours 
per day and 5 days per week. This analysis assumed power losses of 15% due to 
operation and 6% due to distribution network losses [380]. 
 
In high-scale gasification, the hot gas produced is used to generate steam at 30 bar which 
goes through a steam turbine to produce additional electricity. The commercial software 
Aspen Plus was used to generate the results presented in  
Table 6-5. The simulation yielded power generation of 124 and 234 kW/Ton on a wet and 
dried SCB basis, respectively, in agreement with the national average of 147 kWh/Ton of 
SCB reported by CUE [141] in sugar and ethanol production plants. According to CUE 
[141], the national average consumption of electricity by these facilities is 136.72 
kWh/Ton of SCB, i.e., approximately 90% of this demand could be met by the 
cogeneration system here evaluated. 
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Table 6-5: Electricity production for high-scale gasification of SCB 
 SCB processing capacity (Ton) 
40 65 110 130 
Electricity (MWh) 4964.43 8084.68 13652.41 16159.80 
 
The annualized itemized and total cost of the gasification system are summarized in  
 
Table 6-6 and Figure 6-2The economic analysis for the low-scale gasification process 
was carried out following the procedure described by FAO for rural gasification [380], 
considering 3600 working hours/year for 25 and 80 kg/h of SCB gasified and 2880 
working hours/year for 120 to 1100 kg/h of SCB processed. These working hours values 
were selected based on the values for panela cane producer facilities [144]. In this case, 
the economic parameter with the largest impact on production cost is capital depreciation, 
which decreases when the processing capacity increases. For low-scale gasification, 
production costs would be higher than the national market price average of 0.2 USD/kWh 
for non-interconnected zones [346]. Although production cost under these conditions is 
significantly higher than market price in Colombia, it should be considered that in most of 
these zones electric service is available just for 4-6 hours per day, while this study 
considers 15 working hours per day. Moreover, in some non-interconnected zones of the 
country, such as Vaupés, the electric service can cost 0.32 USD/kWh [346]. 
 
Figure 6-2 for low-scale gasification and Table 6-7 and Figure 6-3 for high-scale 
gasification. 
 
Table 6-6: Annualized production cost of the low-scale gasification process of SCB. 
Economic 
Parameter 
SCB processing capacity (kg/h) 
25 80 120 360 600 1100 
Thousand USD/year 
Capital depreciation 6.37 6.37 19.48 19.48 28.23 28.23 
Raw materials 1.35 4.32 5.18 15.55 25.90 47.52 
Operation 2.34 2.49 5.43 5.95 10.17 11.25 
Total 10.01 13.18 30.01 40.98 64.32 86.99 
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Electricity 
(USD/kWh) 
0.71 0.29 0.55 0.25 0.24 0.17 
Profitability index -0.14 -0.10 -0.96 -0.52 -0.64 -0.01 
 
The economic analysis for the low-scale gasification process was carried out following the 
procedure described by FAO for rural gasification [380], considering 3600 working 
hours/year for 25 and 80 kg/h of SCB gasified and 2880 working hours/year for 120 to 
1100 kg/h of SCB processed. These working hours values were selected based on the 
values for panela cane producer facilities [144]. In this case, the economic parameter with 
the largest impact on production cost is capital depreciation, which decreases when the 
processing capacity increases. For low-scale gasification, production costs would be 
higher than the national market price average of 0.2 USD/kWh for non-interconnected 
zones [346]. Although production cost under these conditions is significantly higher than 
market price in Colombia, it should be considered that in most of these zones electric 
service is available just for 4-6 hours per day, while this study considers 15 working hours 
per day. Moreover, in some non-interconnected zones of the country, such as Vaupés, 
the electric service can cost 0.32 USD/kWh [346]. 
 
Figure 6-2: Share of production cost for the low-scale gasification process of SCB 
 
 
For high-scale gasification plants, the economic analysis was developed using the 
commercial package Aspen plus Economic Analyzer assuming Colombian conditions 
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(See Table 5-9). The raw materials represent the highest share of the total cost and was 
even more significant at high-scale. For high-scale gasification systems, electricity 
production cost is also higher than the national average grid price of 0.1 USD/kWh for 
interconnected zones in Colombia, which is confirmed by profitability indexes below 1. 
 
 
 
 
 
 
 
 
 
 
 
Table 6-7: Annualized production cost of the high-scale gasification process of SCB. 
Economic parameter 
SCB processing capacity 
(Ton/h) 
40 65 110 130 
Million USD/year 
Capital depreciation 0.78 1.65 1.72 1.91 
Raw materials 4.80 7.80 13.20 15.60 
Utilities 0.37 0.37 0.37 0.37 
Operation 0.81 1.06 1.50 1.74 
Total 6.76 10.88 16.79 19.62 
Electricity (USD/kWh) 0.178 0.168 0.154 0.152 
Profitable index 0.69 0.71 0.80 0.82 
 
Figure 6-3: Share of production cost for the high-scale gasification process of SCB 
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6.2.2 Anaerobic digestion 
Low and high-scale AD processes were also evaluated, considering again ten production 
capacities: 25, 80, 120, 360, 600 and 1100 kg for low-scale biofertilizers production and 
40, 65, 110 and 130 Ton for high-scale biofertilizers production. In the process liquid and 
solid biofertilizers and biogas are obtained. The process was simulated based on the 
procedure described in section 5.6.1. The SCB is firstly dried to be milled up to a particle 
size of 40 mm. For high-scale AD, an alkaline pretreatment with KOH (2.5 g/L) at 121°C 
and water to solid ratio of 10 was carried out to increase the process yield. Then, for the 
start-up of the AD process, the pretreated SCB is mixed with an activated sludge from an 
anaerobic reactor of municipal solid waste to obtain 22% of TS content. The low nitrogen 
content of this agroindustrial residue together with its high carbon content lead to a high 
C/N ratio (145) that must be lowered by the addition of an external nitrogen source. In this 
study, urea was added to obtain a C/N ratio of 30. After 60 days the biofertilizers and the 
biogas were obtained. The slurry obtained was then separated into a solid (25% moisture 
content) and liquid phases to be used as foliar fertilizers and as soil fertilizer, respectively. 
Part of the liquid slurry was recycled to the AD to be used as process inocula. The biogas 
produced was first desulphurized with water, up to a maximum H2S content of 100 ppm, 
and then dehumidified to obtain a methane content of approximately 80%. Finally, the 
biogas was combusted with excess air (20%) to produce electricity and steam covering 
part of the energy requirements of the AD plant. 
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On the other hand, for low-scale process the milled SCB was directly sent to the AD with 
activated sludge (for the start-up of the process) for 60 days. Likewise the slurry obtained 
was separated into the solid and liquid biofertilizers and part of the liquid slurry is recycled 
to the anaerobic digestion as inocula for further biodigestions. Next, it was assumed that 
the biogas is directly used for cooking operations, then desulphurized to a maximum 
concentration of 10 ppm H2S. Both processes were simulated using the Aspen Plus 
commercial software yielding the mass and energy balances summarized in Table 6-8 
and Table 6-10 for low and high scale processes, respectively. 
 
Table 6-8:  Mass and energy balances for the low-scale AD process of SCB 
 
SCB availability (kg) 
25 80 120 360 600 1100 
Other raw materials 
  Urea (kg) 0.67 2.14 3.22 9.65 16.08 29.48 
  Activated sludge (kg)* 29.20 93.45 140.18 420.53 700.88 1284.95 
  Water (L) 15.00 48.00 72.00 216.00 361.00 661.00 
Products 
  Biol (Kg)** 47.39 151.65 227.48 682.43 1137.38 2085.19 
  Biosol (kg) 5.42 17.339 26.01 78.03 130.04 238.41 
  Biogas (m3) 0.27 0.88 1.33 3.98 6.632 12.16 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes. 
 
Table 6-8 indicate that 96% of the AD raw material was recovered as biofertilizers in 
agreement with a reported value of 85-90% [383]. The liquid phase represented 
approximately 89% of the bioslurry obtained, yielding a 40% VS recovery similar to the a 
43.1% reported value [324]. Based on the nutrient balance for the AD process, the 
calculated nutrient composition of both liquid and solid biofertilizers is summarized in 
Table 6-9. P and Ca showed a considerable increase due to their high content in the 
anaerobic sludge while N content increased because of the use of urea to improve the AD 
C/N ratio. The N, P and Ca content of the solid biofertilizer was similar to that of 
ammonium nitrate (330-340 g/kg), super-phosphate (180-500 g/kg), and calcium nitrate 
(210 g/kg), respectively. 
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Table 6-9: Nutrient balance for AD of SCB 
Nutrient 
Nutrient content (g/kg) 
Inlet 
Outlet 
Low-scale High-scale 
SCB 
Sludge 
[384] 
Urea Biosol* Biol* Biosol* Biol* 
N 3.11 40.7 460 367.87 0.25 209.62 0.24 
P 0.67 25.4 - 194.8 0.43 122.11 0.46 
K 0.20 1.00 - 7.07 0.18 4.66 0.20 
Ca 0.56 25.30 - 195.33 0.22 122.26 0.24 
Mg 0.62 4.30 - 33.77 0.25 21.93 0.28 
Na 0.15 0.30 - 2.48 0.06 1.74 0.07 
   * Distribution of nutrients calculated according to the literature [385] 
 
The biogas composition after desulphurization was 84.8% methane, 10.3% CO2, 1.6% N2, 
2.4% H2 and 0.9% water. Under all SCB processing capacities, the biogas energy content 
ranged between 4-4.2 kWh/m3. This energy content corresponds to almost a half litter of 
diesel (10 kwh/L), a half cubic meter of natural gas (8.8 kWh/m3), a half kg of coal (8.1 
kWh/kg) and almost 1 kg of dry wood (5.3 kWh/kg) [386] assuming that the biogas is 
directly used for cooking. Gas consumption for cooking per person and per meal ranges 
between 150 to 300 L of biogas [387]. Thus, the biogas production rates here obtained 
allow cooking 1, 2-5, 4-7, 13-26, 22-44, 40-81 meals for 25, 80, 120, 360, 600 and 1100 
kg of SCB digested, respectively. 
 
Table 6-10: Mass and energy balances for the high-scale AD process of SCB 
 
SCB availability (Ton) 
40 65 110 130 
Other raw materials 
  Caustic potash (Ton) 0.26 0.43 0.73 0.86 
  Water for pretreatment (m3) 106.00 172.25 291.50 344.5 
  Activated sludge (Ton)* 42.59 69.22 117.15 138.45 
  Urea (Ton) 0.31 0.51 0.87 1.02 
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  Water for desulphurization (m3) 2.84 4.92 8.38 9.85 
Products 
  Biosol (Ton) 8.91 14.48 24.51 28.96 
  Biol (Ton)** 45.56 73.87 125.01 147.74 
  Electricity (MWh) 2.33 3.78 6.28 7.40 
  Heating (MWh) 22.01 35.71 59.66 70.73 
Energy requirements     
  Electricity (MWh) 1.67 2.69 4.47 5.27 
  Heating (MWh) 19.83 31.82 53.90 65.32 
  Cooling (MWh) 58.88 95.28 160.73 569.59 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes 
 
According to Table 6-10, 98% of the material to biodigestion can be recovered as 
biosluge while the liquid phase would represent approximately 83% of the bioslurry, with a 
VS recovery of 48% in agreement with a 43.1% value previously reported [324]. Based on 
the nutrient balance of the high-scale AD process, the calculated nutrient composition of 
both liquid and solid biofertilizers is summarized in Table 6-9. The N, P, and Ca content of 
the solid biofertilizer was similar to that of ammonium sulfate (210 g/kg), half of that for 
diammonium phosphate (460 g P2O5/kg), and also approximately half of that in calcium 
nitrate (210 g/kg), respectively. Besides, according to Table 6-10, 100% of the electricity 
required by the high-scale AD is covered by the combusted biogas and a surplus of 
electricity equivalent to the 28% of the total is generated. On the other hand, all the 
energy required for heating is also supplied by the burned biogas. 
 
The economic assessment of low-scale AD plants was carried out following the procedure 
described by FAO [336] (Annex B), since usually AD in rural communities is carried out in 
tubular or polyethylene bag reactors built from two tubular polyethylene layers [336]. 
These reactor are relatively inexpensive and easy to construct and have a lifetime of 
about 10 years. The annualized total and share of production costs per Ton of biosol and 
biol are summarized in Table 6-11 and Figure 6-4. 
 
Table 6-11: Annualized production cost for low-scale AD of SCB 
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Economic Parameter 
SCB availability (kg) 
50 80 120 360 600 1100 
USD/year 
Capital depreciation 28.78 31.23 33.02 43.73 54.44 76.75 
Raw materials 4.16 13.31 22.09 44.66 77.51 136.39 
Operation 1.39 1.94 2.46 4.02 6.10 9.96 
Total 34.32 46.48 57.56 92.41 138.05 223.11 
Production cost (USD/Ton) 
  Biol 551.39 233.48 192.80 103.15 92.46 81.50 
  Biosol 476.55 201.76 166.55 89.13 79.92 70.55 
Profitability index -0.04 0.79 1.29 3.73 5.13 6.84 
Payback period - - 6 2 2 1 
 
 
 
 
 
 
Figure 6-4: Share of production cost for low-scale biofertilizers production 
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In low-scale AD process, the economic factor with the most effect on productions cost 
was capital depreciation, but at higher SCB processing capacities this effect decreased 
while the effect of the raw material increased. Figure 6-5 shows that SCB represented 
58% of total feedstock costs. For all cases, except for 25 and 80 kg of SCB processed, 
the profitability index was above the unit, indicating the economic feasibility of the 
biofertilizers production at low-scale capacities, which is in accordance with the NPV 
dependence presented in Figure 6-6. For both, biol and biosol production costs per Ton 
was always lower than their market prices of 630 and 320 USD/Ton [349], respectively. 
 
Figure 6-5: Distribution costs of the raw materials for low and high-scale AD of SCB  
 
 
(a) Low-scale AD (b) High-scale AD 
 
 
Figure 6-6: Influence of the SCB processing capacity on the NPV for low-scale AD. 
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Production costs for high scale AD of SCB were calculated assuming Colombian 
conditions (See Table 5-9 and Table 5-10) and using the commercial package Aspen Plus 
Economic Analyzer V 8.0. Annualized total and share of production costs are summarized 
in Table 6-12 and Figure 6-7, respectively. 
 
Table 6-12: Annualized production costs for high-scale biofertilizers production from 
SCB 
Economic Parameter 
SCB availability (Ton) 
40 65 110 130 
Million USD/year 
Capital depreciation 1.977 2.25 2.80 2.95 
Raw materials 10.39 16.89 28.58 33.78 
Utilities 5.37 4.97 5.04 4.92 
Operation 2.03 2.29 3.40 3.89 
Total 19.77 26.39 39.83 45.54 
Production cost (USD/Ton) 
  Biol 543.67 436.47 383.12 369.30 
  Biosol 77.00 61.85 54.30 52.28 
Profitability index 1.35 1.49 1.61 1.77 
Payback period 3.00 2.00 2.00 1.00 
 
Figure 6-7: Share of production costs for high-scale AD of SCB 
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These results show that for high-scale biofertilizers production the parameter with the 
largest effect on production cost were raw materials which increased with production 
level. A key factor is the SCB high market value reflecting its established use for 
producing electricity in sugar and ethanol facilities. Moreover, cost associated to KOH 
used for the pretreatment represented 21% of the total raw material cost, due to the large 
quantities required. Furthermore, due to the low nitrogen content in the raw material, large 
quantities of urea are required to adjust the C/N content to perform the AD process. 
Distribution costs of the raw materials for high scale AD are presented in Figure 6-5. Most 
importantly, the profitability index indicated economic feasibility for all high-scale 
processing capacities which was confirmed by NPV values (Figure 6-8). For both 
products, production cost per Ton decreased with an increase in biodigestion plant size, 
being lower than the market prices of these products (320 USD/Ton and 630 USD/Ton for 
biosol and biol, respectively [349]). 
 
 
 
 
 
 
Figure 6-8: Influence of the SCB processing capacity on the NPV for high-scale AD 
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6.2.3 Solid state fermentation 
SSF was assumed for the production of gibberellic acid (GA3). As in previously analyzed 
cases, ten production capacities were evaluated: 25, 80, 120, 360, 600 and 1100 kg for 
low-scale SSF process and 40, 65, 110 and 130 Ton for high-scale SSF process following 
the simulation procedures described in section 5.6.2. SCB dried and milled up to a 
particle size of 40 mm was subjected to an alkaline pretreatment with KOH (2.5 g/L) at 
121°C and water to solid ratio of 10 to decrease the recalcitrance of the feedstock and 
guaranty an adequate bacterial substrate availability. Moisture content of the pretreated 
SCB was adjusted to 60% and then autoclaved to avoid contamination. The SSF process 
was carried out at 30°C with the strain Gibberella fujikoroi for 10 days using urea to 
provide an adequate nitrogen content. After the fermentation process, the GA3 was 
recovered from the solids with water using an initial solid to liquid ratio of 1:20. The GA3 
solution was processed using multiple effect evaporators to eliminate most of the water. A 
99% purity was achieved by sunsequent crystallization and centrifugation. The mass and 
energy balances for low and high-scale processes are summarized in Table 6-13 and 
Table 6-14, respectively. 
 
 
 
 
 
Table 6-13: Mass and energy balances for low-scale SSF of SCB to produce GA3 
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SCB availability (kg) 
25 80 120 360 600 1100 
Other raw materials 
  KOH (kg) 0.15 0.50 0.75 2.25 3.75 6.88 
  Water for pretreatment (m3) 0.06 0.20 0.30 0.90 1.50 2.75 
  Urea (kg) 0.18 0.58 0.87 2.60 4.34 7.96 
  Water for fermentation (m3) 0.06 0.19 0.28 0.85 1.41 2.59 
  Water for separation (m3) 0.25 0.80 1.20 3.60 6.00 11.00 
Product 
  GA3 (g) 17.00 54.00 80.00 241.00 402.00 738.00 
Energy requirements       
  Electricity (kWh) 60.42 64.67 68.89 71.86 73.08 74.02 
  Heating (MWh) 0.28 0.90 1.36 4.07 6.78 12.42 
  Cooling (MWh) 0.03 0.10 0.16 0.47 0.78 1.43 
 
Table 6-14: Mass and energy balances for high-scale SSF of SCB to produce GA3 
 
SCB availability (Ton) 
40 65 110 130 
Other raw materials 
  KOH (Ton) 0.27 0.43 0.73 0.86 
  Water for pretreatment (m3) 106.00 172.25 291.50 344.50 
  Urea (kg) 0.31 0.49 0.84 0.99 
  Water for fermentation (m3) 99.70 162.02 274.18 324.03 
  Water for separation (m3) 424.00 689.00 1166.00 1378.00 
Product 
  GA3 (kg) 28.44 45.73 78.21 92.43 
Energy requirements     
  Electricity (MWh) 0.21 0.28 0.39 0.43 
  Heating (MWh) 478.57 823.24 1316.26 1555.58 
  Cooling (MWh) 54.89 77.09 1507.73 1782.39 
 
The results from Table 6-13 indicate that the productivity of gibberellic acid for low-scale 
SSF is 0.68 and 1.36 g of GA3 per kg of wet and dried SCB, respectively. For high-scale 
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SSF the productivity is 0.71 and 1.51 kg of GA3 per Ton of wet and dried SCB. These 
yields are consisted with a previously reported value of 1.22 g of GA3 per kg of dried 
substrate [388]. Production costs for low and high-scale GA3 production were estimated 
assuming Colombian conditions (See Table 5-9 and Table 5-10) using the commercial 
package Aspen Plus Economic Analyzer V 8.0. Total and contribution to production costs 
at low scale are presented in  
Table 6-15 and Figure 6-9, respectively, while the correponding values for high-scale SSF 
are summarized in Table 6-16 and Figure 6-11. 
 
Table 6-15: Production costs of low-scale SSF of SCB to produce GA3 
Economic 
Parameter 
SCB availability (kg) 
25 80 120 360 600 1100 
Thousand USD/year 
Capital depreciation 643.43 666.75 677.47 695.33 700.25 710.43 
Raw materials 8.39 26.86 40.28 120.85 201.42 369.27 
Utilities 94.51 97.91 101.29 103.67 104.62 105.39 
Operation 258.09 271.24 277.06 288.39 295.89 310.19 
Total 1004.42 1062.86 1096.10 1208.24 1302.19 1495.28 
GA3 production 
cost (USD/kg) 
7385.45 2460.33 1712.66 626.68 404.91 253.27 
Selling price: 100 USD/kg 
  Profitability index 0.02 0.04 0.06 0.16 0.25 0.42 
  Payback period - - - - - - 
Selling price: 500 USD/kg 
  Profitability index 0.06 0.13 0.19 0.52 0.75 1.09 
  Payback period  - - - - 8 
 
 
 
 
 
Figure 6-9: Share of production cost for GA3 production from SCB at low-scale 
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For low-scale SSF process, the economic factor affecting production cost the most was 
capital depreciation. SCB processing capacity increases lowered this effect increasing 
that of raw materials. The distribution cost of the raw material is presented in Figure 6-12. 
For GA3 production process, an additional sensitivity analysis regarding to the market 
price was developed. This analysis was considered based on the large range of prices 
found for this product (100-500 USD/kg). The profitability index and the payback period 
for low-scale SSF show that the process is not economic feasible at low scale since for all 
the cases the profitability index is below 1 and the payback period exceeds the first 10 
years of operation, except for 1100 kg of processed SCB, considering a market price of 
500 USD/Ton. This is in accordance with the NPV dependence presented in Figure 6-10. 
 
Figure 6-10: Influence of the SCB processing capacity on the NPV for low-scale SSF 
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Economic Parameter 
SCB availability (Ton) 
40 65 110 130 
Million USD/year 
Capital depreciation 1.05 1.25 1.64 1.78 
Raw materials 13.95 22.66 38.35 45.32 
Utilities 0.21 0.27 0.36 0.39 
Operation 1.49 22.49 36.13 4.21 
Total 16.69 26.43 43.96 51.70 
GA3 production cost 
(USD/kg) 
73.89 72.24 70.26 69.92 
Selling price: 100 USD/kg 
  Profitability index 1.43 1.56 1.49 1.5 
  Payback period 2 2 2 1 
Selling price: 500 USD/kg 
  Profitability index 2.27 2.29 2.31 2.32 
  Payback period 1 1 1 1 
 
For high-scale SSF process, the economic factor with the most effect on production cost 
was raw material, due to the high quantity of process water required. The distribution cost 
of the raw materials for SSF for producing GA3 is presented in Figure 6-12. The SSF 
profitability index and payback period showed that the process is economically feasible for 
all high-scale processing capacities considered. This is consistent with the NPV values 
presented in Figure 6-13. 
 
 
 
 
 
 
 
Figure 6-11: Share of production cost for GA3 production from SCB at high-scale 
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Figure 6-12: Distribution cost of the raw material for GA3 production through SSF 
 
Figure 6-13: Influence of the SCB processing capacity on the NPV for high-scale SSF 
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6.2.4 Comparative analysis between technologies 
As previously mentioned, the base case for economic comparison was electricity 
generation through gasification. For the three technologies, economic factor with the 
largest effect on production costs at low-scale was capital depreciation, but this effect 
decreased for larger SCB processing capacities. A comparative analysis was conducted 
based on the profitable index (See Figure 6-14). 
 
Figure 6-14: Economic Comparison between technologies for low-scale SCB processing 
 
According to Figure 6-14, the most economicaly feasible process to be implemented at 
low-scale would be SCB AD to produce liquid and solid biofertilizers yielding a profitable 
index above 1 for all processing capacities, except 25 kg. On the contrary, the gasification 
process shows negative profitable indexes for all cases, while SSF process presenting 
positive profitable indexes but always below 1 for all processing capacities, except 
1100 kg. The AD process presents high profitable index values because the main 
products here considered can be produced in large quantities while GA3 had a very low 
yield and thus very low production volumes. On the other hand, the negative profitability 
index values for gasification are mainly due to high investment costs (See  
 
 
 
Figure 6-15). 
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Figure 6-15:  Investments cost comparison between technologies for SCB processing 
 
For high-scale processes, the economic comparison shown in Figure 6-16 indicates that 
raw materials was the economic parameter with the most effect on production costs, an 
effect increasing with processing capacity (See Figure 6-17). In this case, profitable 
indexes for AD and SSF processes were above 1, with higher values for SSF, mainly due 
to the high GA3 market price, even tough its process productivity was low. Meanwhile the 
profitability indexes for the gasification process were positive but below 1. 
 
Figure 6-16: Economic comparison between high-scale SCB processing technologies 
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Figure 6-17: Raw materials cost comparison between high-scale SCB processing 
technologies  
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6.3.1 Potential Environmental Impact 
For the gasification process, PEI and GHG values were based on the electricity produced 
(PEI/kWh) while while biofertilizers and GA3 were used for AD and SSF values, 
respectively. The PEI values per unit of product for low-scale and high-scale SCB 
processing by the three technology alternatives are presented in Figure 6-18 and Figure 
7-19, respectively. 
 
 
 
 
Figure 6-18: Comparison of PEI per unit of product between technologies for low-scale 
SCB processing 
 
(a) Leaving PEI/unit of product 
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(b) Generated PEI/unit of product 
 
When comparing low-scale processes, SSF showed higher leaving and generated 
potential environmental impact reflecting the large quantity of residues generated during 
processing that are not purified, such as waste water with traces of sugars and lignin-rich 
solid residues with considerable effects on the Acidification Potential (AP). Moreover the 
SSF energy requirements were higher than the requirements for AD and gasification. On 
the other hand, only the hot exhaust gases were considered gasification residues while no 
residues were assumed to be generated by the AD process. 
 
Figure 6-19: Comparison of PEI per unit of product between technologies for high-scale 
SCB processing 
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(a) Leaving PEI/unit of product 
 
 
(b) Generated PEI/unit of product 
 
For high-scale SCB processing, the AD process PEI showed and increase reflecting the 
biogas desulphurization waste water and the biogas combustion gases with a high leaving 
and generated potential environmental impact. For both AD and SSF processes the most 
significant environmental factor was the Acidification Potential (AP). 
0.00E+00 
1.00E+03 
2.00E+03 
3.00E+03 
4.00E+03 
5.00E+03 
6.00E+03 
7.00E+03 
8.00E+03 
9.00E+03 
HTPI     
HTPE     
TTP      
ATP      
GWP      
ODP      
PCOP     
AP       
TOTAL     
L
e
a
v
in
g
 P
E
I/
u
n
it
 o
f 
p
ro
d
u
c
t 
HTPI     HTPE     TTP      ATP      GWP      ODP      PCOP     AP       TOTAL     
Gasification 4.93E+00 5.30E-02 4.93E+00 4.73E-06 2.40E-03 0.00E+00 2.89E-02 0.00E+00 9.94E+00 
AD       4.03E-01 1.05E+00 4.03E-01 1.32E+02 7.67E+02 2.91E-03 5.61E-01 7.95E+03 8.85E+03 
SSF      1.24E-01 3.38E-01 1.24E-01 4.29E+01 2.49E+02 9.43E-04 1.82E-01 2.58E+03 2.87E+03 
-1.00E+03 
0.00E+00 
1.00E+03 
2.00E+03 
3.00E+03 
4.00E+03 
5.00E+03 
6.00E+03 
7.00E+03 
8.00E+03 
9.00E+03 
HTPI     
HTPE     TTP      
ATP      
GWP      
ODP      
PCOP     
AP       
TOTAL     
G
e
n
e
ra
te
d
 P
E
I/
u
n
it
 o
f 
p
ro
d
u
c
t 
HTPI     HTPE     TTP      ATP      GWP      ODP      PCOP     AP       TOTAL     
Gasification 4.74E+00 1.31E-02 4.74E+00 -5.27E-04 2.40E-03 0.00E+00 1.24E-02 0.00E+00 9.52E+00 
AD       2.06E-01 1.01E+00 2.06E-01 1.32E+02 7.67E+02 2.91E-03 5.47E-01 7.95E+03 8.85E+03 
SSF      1.21E-01 3.37E-01 1.21E-01 4.29E+01 2.49E+02 9.43E-04 1.82E-01 2.58E+03 2.87E+03 
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6.3.2 Green House Gas emissions 
GHG emissions were also calculated and compared for the three processes. GHG values 
were calculated per kWh of produced electricity, Ton of produced biofertilizers and kg of 
gibberellic acid, for gasification, AD and SSF, respectively, using the emission factors 
summarized in Table 5-5. The results of the GHG assessment for low and high-scale SCB 
processing are presented in Figure 6-20. 
 
 
 
 
 
 
 
 
Figure 6-20: GHG emissions for low and high-scale processing of SCB 
 
 
(a) Low-scale SCB processing (a) High-scale SCB processing 
 
Figure 6-20 shows that for low-scale processing, SCB gasification showed the highest 
GHG values followed by AD reflecting the environmental release of gases of these two 
processes. Even though CO2 and O2 are released to the environment SSF process, the 
quantities involved are very low. The real environmental concern of the SSF process are 
the larger quantities produced of liquid and solid residues. On the other hand, the AD 
process for high-scale SCB showed the highest GHG emissions reflecting gases 
produced during biogas combustion. 
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6.4 Biofertilizers and gibberellic acid production under the biorefinery 
concept 
This section focuses on the production of biofertilizers and gibberellic acid by AD and 
SSF, respectively, using a biorefinery approach. The design goal is to optimize feedstock 
utilization by combining feedstocks and technologies to obtain a variety of products such 
as biofuels, specialty chemicals, animal feed, heat and power, among others. Two 
biorefinery scenarios were chosen for techno-economic and environmental comparisons. 
In the first scenario, the products chosen were xylitol, furfural, ethanol, gibberellic acid 
and bioenergy. The second scenario considered the production of xylitol, furfural, ethanol, 
biofertilizers and bioenergy. The process assumed drying and milling of 130 Ton/h of wet 
SCB as raw material and an acid pretreatment as described in section 5.6. The xylose 
rich liquor obtained was destined to the production of xylitol and furfural (70 and 30%, 
respectively). On the other hand, 50% of the solids obtained after the acid pretreatment 
was assumed to be subjected to enzymatic hydrolysis yielding a glucose-rich liquor for 
ethanol production. Under scenario I, the remaining 50% combined with the solid residues 
obtained from the ethanol and xylitol production processes were assumed used for AD 
biol and biosol production. Finally, the biogas generated was assumed to be used for 
energy production in the form of electricity and heat. Under scenario II, the remaining 50% 
solid was assumed to be used for SSF gibberellic acid production. Solids resulting from 
the SSF process and the ethanol production were assumed to be used in a cogeneration 
process to obtain bioenergy. Mass and energy balances for the two scenarios are 
summarized in Table 6-17. Electricity produced by burning biogas could supply 42% of 
the scenario I electricity requirements while a 2.86 MWh electricity surplus would be 
obtained under scenario II. Annualized total and distribution biorefinery costs are 
presented in Table 6-18. Under both scenarios, the raw material cost was the economic 
parameter affecting production cost the most reflecting the high SCB demand considered, 
representing the 62 and 63% for scenario I and II (See  
 
Figure 6-21), respectively. Production costs for each product in both scenarios are 
summarized in Table 6-19. 
 
Table 6-17: Mass and energy balances of the two proposed scenarios 
Raw materials  Products 
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SCB 130.00 Ton  CaSO4  1.91 Ton 
H2SO4 5.51 Ton  Xylitol  3.16 Ton 
Ca(OH)2 7.61 Ton  Furfural 1.07 Ton 
Toluene  0.51 Ton  Ethanol 7.66 m3 
Water 2268.00 m3     
Scenario I  Scenario II 
Other raw materials 
Urea  1.02 Ton  Water 648.03 m3 
Sludge*  115.39 Ton  Urea 0.56 Ton 
Water  24.73 m3     
Products 
Biol** 119.95 Ton  GA3 51.74 kg 
Biosol 26.84 Ton  Electricity 31.31 MWh 
Electricity 6.46 MWh  Heating 69.59 MWh 
Heating 62.08 MWh     
Energy requirements 
Electricity 15.23 MWh  Electricity 28.45 MWh 
Heating 2590.46 MWh  Heating 3062.59 MWh 
Cooling 1473.85 MWh  Cooling 1450.99 MWh 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes 
 
 
Table 6-18: Annualized costs of the two proposed biorefinery scenarios 
Economic parameter 
Scenario I Scenario II 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Capital depreciation 6.95 13 8.31 11 
Raw materials 25.26 47 29.42 40 
Utilities 15.21 28 27.57 37 
Operation 6.27 12 8.29 11 
Total 53.69  73.60  
Profitability index 2.23  2.24  
112 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
Payback period 1.00  1.00  
 
 
Figure 6-21: Raw materials distribution for both biorefinery scenarios 
(a) 
 
(b) 
 
 
Estimates of xylitol and ethanol production costs were higher under scenario II than I. 
Under scenario I, production costs for xylitol, ethanol, furfural and biosol but not that for 
biol production were above their corresponding market prices. Under scenario I, only 
ethanol presented a production cost above its market price. Under both scenarios, the 
NPV was positive and the profitability indexes were above 1 (See Figure 6-22). The 
positive effect of integrating biofertilizer and gibberellic acid production into a biorefinery 
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scheme was also reflected in increased NPV values (See Figure 6-22) and corresponding 
to 68 and 20% increases over that for the AD and SSF processes, respectively. 
 
Table 6-19: Unit production cost for both scenarios 
Scenario I  Scenario II 
Xylitol 0.46 USD/kg  Xylitol 0.62 USD/kg 
Ethanol 0.11 USD/L  Ethanol 1.59 USD/m3 
Furfural 0.75 USD/kg  Furfural 0.26 USD/kg 
Biol 688.67 USD/Ton  GA3 34.40 USD/kg 
Biosol 16.04 USD/Ton     
 
 
 
 
Figure 6-22: NPV for both scenarios 
 
The environmental comparison shown in  
Figure 6-23 was carried out on the basis of PEI and GHG emissions per kg of product 
using a mass allocation method. The leaving PEI was higher for scenario II considering 
GA3 production through SSF and electricity through cogeneration reflecting the large 
quantity of liquid residues generated by the SSF process. In addition, exhaust gases from 
the gasification process were larger than those released during biogas combustion. 
Moreover, gasification gas is mostly CO2 and N2 while the latter is the main combustion 
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gas component. This result was confirmed by estimated GHG emissions, presenting 
negative GHG values under scenario I. 
 
Figure 6-23: Environmental comparison of the scenarios 
 
(a) Leaving PEI per kg of product 
 
 
(b) GHG emissions* 
* Functional units for GHG assessment: kg of xylitol, kg of furfural, L of ethanol, kg of 
biofertilizers, g of GA3 
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Final remarks 
Although SCB already has an established use in Colombia for producing energy though 
cogeneration in both panela production and sugar and alcohol production facilities, given 
its physicochemical characterization, it has a much larger potential when used as raw 
material for high-value products such as biofertilizers and GA3. For low-scale processing, 
the best stand-alone process from an economic point of view would be AD production of 
biofertilizers reflecting its low investment cost. On the other hand, for high-scale 
processing, GA3 production showed better economic performance because of its high 
market price in spite of low productivity values. In the case of gasification, no scale 
showed good economic outlook, although it could be considered an alternative to solve 
energetic problems in non-interconnected zones where electric service is unreliable or 
even not available. From an environmental point of view, GA3 process presents the worst 
performance under low scale SCB processing reflecting the high quantity of process 
water used and the waste water generated. On the countrary, under high-scale 
processing burning of the AD biogas generated increased the environmental impact of 
this alternative. Finally, when biofertilizers and GA3 production were incorporated with 
other valuable products using a biorefinery context approach, the NPV value increased 
considerably. 
 
 
  
7. Chapter 7. Empty oil palm fruit bunches 
Overview 
Oil palm fruit is one of the most important oleo-chemical feedstock in Colombia. Currently, 
more than 150,000 ha are harvested every year to cover food and industrial applications 
[298]. In addition, there are eight currently operating biodiesel plants [299]. Oil palm 
extraction generates by-products and processing residues with high economical potential. 
They include empty fruit bunches (EFB), i.e., the solid residue from fresh fruit bunches 
(FFB) and available in large amounts. Due to its high moisture content, this material is not 
appropriate for fuel applications and it is most often used as compost [41, 300] or SSF 
mushroom cultivation substrate [95]. In addition, the waste material after mushroom 
harvest presents better fertilizing properties. Typically the empty fruit bunches (EFB) on a 
dry basis represents 120 to 260 kg per Ton of fresh fruit bunches (FFB) on an as received 
basis [33]. Given the current yield of FFB and the area of harvested production, EFB 
production in Colombia reaches approximately 1000 Ton of EFB, at a rate of 438 Ton/km2 
[33]. According to Fedepalma this quantity could increase three times in 2020 [33]. 
 
This chapter summarizes simulation results of the biofertilizers and gibberellic acid from 
EFB as stand-alone products are presented as alternatives to the conventional EFB uses. 
The characterization of the EFB was performed to generate the information needed for 
simulations including mass and energy balances subsequently used to perform the 
economic and environmental analysis of these two processes. Moreover, techno-
economic and environmental comparisons of these stand-alone processes were 
performed with gasification as base case. Besides, two biorefinery scenarios were 
similarly assessed to evaluate the influence of integrating the production of biofertilizers 
and gibberellic acid together with that of other high-value products. 
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7.1 EFB characterization 
The characterization of the SCB was performed according to the experimental procedures 
described in section 5.2 yielding the dry basis values summarized in Table 7-1. The EFB 
moisture content of 4.33±0.01% was similar to previously reported values [286, 301]. 
Concentrations of the structural sugars glucose and xylose present in this raw material  
were 40.29±1.17% and 24.16±0.66%, respecivelyy. Acid-soluble and acid-insoluble lignin 
content were found to be 1.65±0.16% and 17.63±0.11%, respectively, while acid-insoluble 
ash content was 0.65±0.02%. Therefore, TS and VS values were 95.67 and 94.7%, 
respectively. EFB water-soluble extractives represented 65.55% of the total extractives 
and included xylose (0.27±0.12%) and acetic acid (0.27±0.09%). Moreover, the 
composition analysis showed cellulose and hemicellulose as the main EFB components 
while ash content was very low [287-289]. These results are in agreement with literature 
reported for lignin, cellulose, hemicellulose and ash values range between 2-26% [286, 
301-304], 15-59% [286, 301-304], 11-23% [286, 301-304] and 0.67-4.3% [301, 303, 304], 
respectively. 
 
Table 7-1. Empty fruit bunches physicochemical characterization in dry basis 
Feature Composition (%) Deviation 
Cellulose 36.63 0.53 
Hemicellulose 21.84 0.53 
Lignin 19.28 0.18 
Extractives 8.92 0.76 
Ash 0.97 0.09 
O-Acyl groups 3.09 0.07 
 
Table 6-2 summarizing elemental analysis values show that carbon and oxygen as the 
main elements in EFB, representing approximately 94% of the raw material and yielding a 
C/N ratio of 145.65. Results obtained in this work are consistent with those reported in the 
literature [286, 301, 304, 305] showing C, H, N and O values of 43.8-48.9%, 5.8-6.3%, 
0.44-1.2%, and 36.7-42.64% , respectively. 
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Table 7-2. Elemental analysis for the EFB 
Element Composition (%) Deviation 
Nitrogen 0.3178 0.0290 
Carbon 46.2892 0.1013 
Hydrogen 6.5544 0.0063 
Oxygen 46.8686 0.1249 
 
Table 7-3 summarizes EFB elemental analysis values for P, K, Ca, Na and Mg. According 
to these results, and considering an annual biodiesel production in Colombia estimated as 
490 thousand Ton [306], the corresponding annual losses of these elements in EFB 
would be 174.15, 128.89, 246.88, 267.62 and 181.56 tons. 
 
Table 7-3. Nutrients concentration for EFB 
Nutrient Concentration (mg/kg EFB) Deviation 
P 443.53 34.10 
K 368.26 15.23 
Ca 628.77 67.23 
Na 681.84 39.86 
Mg 462.41 24.13 
 
All these results were used in stand-alone simulations for the production of biofertilizers, 
gibberellic acid and electricity and in analyzing biorefinery schemes presented in this 
chapter. 
7.2 Techno-economic assessment 
7.2.1 Gasification 
Low and high-scale gasification was used as base case when analyzing the economic 
behavior of the AD and SSF process alternatives. For low-scale gasification, three 
processing capacities were evaluated (65, 150 and 250 kg), based on the availability of 
the EFB for small and medium size oil palm producers owning less than 12 ha of 
cultivated area [307] and representing 15% of the total cultivated area in Colombia and 
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9% of the palm oil produced [307]. For high-scale gasification, three processing capacities 
were assessed based on the FFB availability in six important biodiesel production facilities 
in Colombia: 4.9, 9.5 and 13.65 Ton (See Table 2-4). The gasification process was 
simulated following the procedure described in section 5.6.3. Briefly, the EFB moisture 
content is lowered from 67% to 15% [308] before milling to an 80 mm particle size [308]. 
The dried and milled material is then gasified with air at an equivalent volumetric ratio of 
0.25 at 60 bar [309]. For low-scale gasification, the syngas is depressurized to 1 bar to 
obtain electricity. The commercial software Aspen Plus was used to generate the low-
scale process results summarized in  
 
Table 7-4. 
 
Table 7-4: Electricity production for low-scale gasification of EFB 
 EFB processing capacity (kg) 
 65 150 250 
Electricity (kWh) 4.30 9.93 20.57 
 
Low-scale gasification yielded 66 and 98 kW/Ton when expressed on a wet and dry basis, 
respectively. Based on the subsistence electricity consumption in Colombia estimated by 
UPME to range 1560 to 2076 kWh-year per household [310], low-scale gasification  would 
meet the yearly electricity demand of 5-7, 13-18, and 20-30 homes when gasifying 65, 
150 and 250 kg of EFB, respectively. These estimations assumed that 15% and 6% 
power losses occur during procution and distribution, respectively [308]. In the case of 
high-scale gasification, hot gases were used to produce steam at 30 bar which goes 
through a steam turbine to produce additional electricity. The commercial software Aspen 
Plus was used to generate the results summarized in  
 
Table 7-4 and  
Table 6-5 for low and high-scale processes, respectively. 
 
Table 7-5: Electricity production for high-scale gasification of EFB 
 EFB processing capacity (Ton) 
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 4.9 9.5 13.65 
Electricity (MWh) 0.39 0.75 1.08 
 
High-scale gasification yielded 79 and 118 kW/Ton of wet and dried EFB, respectively. 
According to CUE [79], the national average electricity consumption in biodiesel plants for 
biofuel production and refining is 42.27 kWh/Ton of biodiesel while glycerin refining 
requires 17.36 kWh/Ton of biodiesel. This electricity demand would represent 69% of the 
electricity produced by the cogeneration system here proposed. The annualized cost of 
the gasification system and percentage share are correspondingly summarized in Table 
7-6 and Figure 7-1 for low-scale and Table 7-7 and  
Figure 7-2 for high-scale gasification. 
 
Table 7-6: Annualized production cost of the low-scale gasification process of EFB 
Economic Parameter 
EFB processing capacity (kg/h) 
65 150 250 
Thousand USD/year 
Capital depreciation 6.37 6.37 19.48 
Raw materials 1.17 2.70 4.50 
Operation 2.33 2.41 5.39 
Total 9.87 11.48 29.37 
Electricity (USD/kWh) 0.37 0.19 0.29 
Profitability index -0.03 0.14 0.46 
 
Figure 7-1: Share of production cost for the low-scale gasification process of EFB 
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The economic analysis for the low-scale gasification process was carried out following the 
procedure described by FAO for rural gasification [308] and considering 3600 working 
hours/year. In this case, the economic parameter affecting production cost the most was 
capital depreciation, which decreased for larger processing capacities. For low-scale 
gasification, the production cost was always higher than the national non-interconnected 
zones average of 0.2 USD/kWh [265]. Although the electricity production cost under these 
conditions was significant higher than the national average selling price for non-
interconnected zones in Colombia, it should be considered that in most of these zones the 
electric service is available only 4-6 hours per day, while this study assumed 15 working 
hours per day. Moreover, in some non-interconnected zones the electric service price can 
reach 0.32 USD/kWh which is the Vaupés reported value [265]. 
 
For high-scale gasification plants, the economic analysis was developed using the 
commercial package Aspen plus Economic Analyzer and assuming Colombian conditions 
(See Table 5-9). Capital depreciation represented the largest cost component but its 
influence decreased for larger processing capacities. For high-scale gasification systems, 
electricity production cost were also higher than the average national grid price of 0.1 
USD/kWh for interconnected zones in Colombia, which was confirmed by profitability 
indexes below 1 for all cases analyzed. 
 
122 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
Table 7-7: Annualized production cost of the high-scale gasification process of EFB 
Economic Parameter 
EFB processing capacity (Ton/h) 
4.9 9.5 13.65 
Million USD/year 
Capital depreciation 0.51 0.51 0.54 
Raw materials 0.19 0.38 0.55 
Utilities 0.36 0.36 0.35 
Operation 0.28 0.29 0.33 
Total 1.35 1.55 1.75 
Electricity (USD/kWh) 0.43 0.26 0.20 
Profitability index 0.22 0.35 0.31 
 
 
Figure 7-2: Share of production cost for the high-scale gasification process of EFB 
 
7.2.2 Anaerobic digestion 
Low- and high-scale AD processes were evaluated considering again six production 
capacities: 65, 150 and 250 kg for low-scale and 4.9, 9.5 and 13.65 Ton for high-scale 
biofertilizers production yielding liquid and solid biofertilizers and also biogas. The process 
was simulated following the procedure described in section 5.6.1. EFB is first dried and 
milled to a 40 mm particle size. For high-scale AD, the EFB solids obtained are subjected 
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to an alkaline pretreatment (2.5 g/L KOH) at 121°C and a water to solid ratio of 10 to 
increase the process yield. Then, for the start-up of the AD process, the pretreated EFB 
was assumed to be mixed with the activated sludge from an anaerobic reactor for 
municipal solid waste yielding a 22% TS content. The low N content of this agroindustrial 
residue together with its high C content yielded a high C/N ratio (145) which was lowered 
by adding urea as an external N source to yield a C/N ratio of 30. Biofertilizers and biogas 
were assumed to be obtained after 60 days. The slurry generated was then separated 
into a solid (25% of moisture content) and a liquid phase. A liquid slurry portion must be 
recycled to the anaerobic digestor to be used as process inocula. The remaining liquid 
phase and the solid fraction correspond to the foliar and soil fertilizer produced. The 
biogas was desulphurized with water to reduce its H2S content to a 100 ppm maximum, 
and then dehumidified yielding a methane content of approximately 80%. Finally, the 
biogas was combusted with excess air (20%) to produce electricity and steam to cover 
part of the AD plant energy requirements. 
 
In the case of low-scale AD processes, dried/milled EFB and activated sludge were 
directly sent to the reactor where they were kept 60 days. The slurry generated was also 
separated into the solid and liquid biofertilizers with part of the liquid slurry recycled as 
inocula for further biodigestions. Assuming that the biogas is directly used for cooking, it 
was first desulphurized up to a maximum concentration of 10 ppm H2S. The Aspen Plus 
commercial software was used to obtain the mass and energy balances summarized in 
Table 7-8 and Table 6-10 for low and high-scale processes, respectively. 
 
Table 7-8 results showed that 95% of the AD raw material input was recovered as 
biofertilizers in agreement with a previously reported value of 85-90% [311]. The liquid 
phase represented approximately 83% of the bioslurry obtained, refecting a 44% VS 
recovery similar to a 43.1% value previously reported [235]. Based on the nutrient 
balance for the AD process, nutrient compositions were estimated for the liquid and solid 
biofertilizers and summarized in Table 6-9. P and Ca showed a considerable increase 
reflecting their high values in the anaerobic sludge. N content increased also because of 
the use of urea to improve the AD C/N ratio. The solid biofertilizer N content was similar to 
that of ammonium sulfate (210 g/kg), and double that of di-ammonium and mono-
ammonium phosphate (110 g/kg), while P content was approximately 25% of the one in 
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di-ammonium and mono-ammonium phosphate (480 g P2O5/kg). Finally, Ca content was 
also approximately half of the Ca content in calcium nitrate (210 g/kg). 
 
Table 7-8:  Mass and energy balances for the low-scale AD process of EFB 
 
EFB processing capacity (kg) 
65 150 250 
Other raw materials 
  Urea (kg) 1.74 4.02 6.69 
  Activated sludge (kg)* 72.76 167.90 279.83 
  Water (L) 28.00 62.00 107.00 
Products 
  Biol (Kg)** 76.32 176.12 293.52 
  Biosol (kg) 15.41 35.56 59.27 
  Biogas (m3) 0.49 1.13 1.87 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes. 
 
Table 7-9: Nutrient balance for AD of EFB 
Nutrient 
Nutrient content (g/kg) 
Inlet 
Outlet 
Low-scale High-scale 
EFB 
Sludge 
[312] 
Urea Biosol* Biol* Biosol* Biol* 
N 3.18 40.7 460 242.74 0.29 211.08 0.26 
P 0.44 25.4 - 119.49 0.47 118.36 0.47 
K 0.37 1.00 - 5.14 0.23 5.82 0.27 
Ca 0.63 25.30 - 120.91 0.24 120.68 0.25 
Mg 0.68 4.30 - 20.89 0.27 21.62 0.29 
Na 0.46 0.30 - 3.55 0.15 4.93 0.21 
   * Distribution of nutrients calculated according to the literature [313] 
 
After desulphurization, the biogas is composed by 85% of methane, 10% of CO2, 1.6% of 
N2, 2.4% of H2 and 0.8% of water. For all the EFB processing capacities, the biogas 
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energy content ranges between 4.1-4.2 kWh/m3. This energy content corresponds to 
almost a half litter of diesel (10 kwh/L), a half cubic meter of natural gas (8.8 kWh/m3), a 
half kg of coal (8.1 kWh/kg) and almost 1 kg of dry wood (5.3 kWh/kg) [314]. Here it is 
considered that the biogas is directly used for cooking. According to [315] gas 
consumption for cooking per person and per meal ranges between 150 to 300 L of 
biogas. Then, the biogas production rates allow cooking 1-3, 3-7 and 6-12 meals for 65, 
150 and 250 kg of EFB digested, respectively. 
 
 
 
 
Table 7-10: Mass and energy balances for the high-scale AD process of EFB 
 
EFB processing capacity (Ton) 
4.9 9.5 13.65 
Other raw materials 
  Caustic potash (kg) 20.21 39.19 56.31 
  Water for pretreatment (m3) 8.09 15.68 22.52 
  Activated sludge (Ton)* 3.38 6.56 9.42 
  Urea (kg) 37.72 73.13 105.07 
  Water for desulphurization (L) 236.00 453.00 653.00 
Products 
  Biol (Ton)** 3.53 6.85 9.85 
  Biosol (Ton) 0.73 1.41 2.03 
  Electricity (MWh) 0.19 0.37 0.53 
  Heating (MWh) 1.76 3.49 4.96 
Energy requirements    
  Electricity (MWh) 0.13 0.25 0.35 
  Heating (MWh) 4.36 7.94 10.73 
  Cooling (MWh) 12.17 23.09 32.47 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes 
 
126 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
According to Table 6-10, the 97% of the biodigestion feedstock is recovered as biosluge. 
Besides, the liquid phase represents approximately the 83% of the bioslurry, with a VS 
recovery of 48% that is in agreement to the VS recovery of 43.1% reported by [235]. 
Based on the nutrient balance of the high-scale AD process, the calculated nutrient 
composition of both liquid and solid biofertilizers is summarized in Table 6-9. Moreover, 
100% of the electricity required by the high-scale AD is covered by the combusted biogas 
and a surplus of electricity equivalent to the 32% of the total is generated. On the other 
hand, the 40% of the energy required for heating is also supplied by the burned biogas. 
 
The economic assessment of low-scale AD plants was carried out following the procedure 
described by FAO [244] (Annex B), since usually AD in rural communities is carried out in 
tubular or polyethylene bag reactors that consist on digesters built from two layers of 
polyethylene plastic in a tubular form [244]. This reactor is relatively inexpensive and easy 
to construct and have a lifetime of about 10 years. The annualized production costs per 
Ton of biosol and biol are summarized in Table 7-11, while its share is presented in  
Figure 7-3. 
 
Table 7-11: Annualized production cost for low-scale AD of EFB 
Economic Parameter 
EFB processing capacity (kg) 
65 150 250 
USD/year 
Capital depreciation 29.64 32.23 33.77 
Raw materials 6.66 15.36 25.63 
Operation 1.54 2.09 2.66 
Total 37.85 49.68 62.06 
Production cost (USD/Ton) 
  Biol 1009.68 574.58 431.08 
  Biosol 175.87 100.04 74.99 
Profitability index 0.20 0.44 0.36 
Payback period (years) - - - 
 
 
Figure 7-3: Share of production cost for low-scale biofertilizers production 
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For low-scale AD process, the economic factor that affects the most the productions cost 
is the capital depreciation, although while the EFB processing capacity increases this 
effect is lower and the effect of the raw material increases as well. The distribution cost of 
the raw material is presented in Figure 7-4, where urea represents the 64% of the total 
costs. For all the cases, the profitability index is lower than the unit, indicating the no 
economic feasibility of the AD plant at low-scale. This is in agreement with the NPV 
dependence presented in Figure 7-5. For biol the production cost per Ton is lower than 
the market price of 630 USD/Ton [267] for 150 and 250 kg of EFB digested. For biosol the 
production cost always lower than its market price of 320 USD/Ton [267]. 
 
Figure 7-4: Distribution costs of the raw materials for low and high-scale AD of EFB  
 
 
(a) Low-scale AD (b) High-scale AD 
 Figure 7-5: Influence of the EFB processing capacity on the NPV for low-scale AD. 
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Production costs for high scale AD of EFB were calculated according to the Colombian 
conditions (See Table 5-9 and Table 5-10) using the commercial package Aspen Plus 
Economic Analyzer V 8.0. Annualized production costs and its share are summarized in 
Table 6-12 and Figure 6-7, respectively. 
 
Table 7-12: Annualized production costs for high-scale biofertilizers production for EFB 
Economic Parameter 
EFB processing capacity (Ton) 
4.9 9.5 13.65 
Million USD/year 
Capital depreciation 1.61 1.66 1.67 
Raw materials 0.53 1.03 1.49 
Utilities 5.46 5.39 5.33 
Operation 1.07 1.13 1.17 
Total 8.99 9.55 9.99 
Production cost (USD/Ton) 
  Biol 3978.4 2133.49 1525.16 
  Biosol 734.54 402.05 292.69 
Profitability index 0.25 0.46 0.63 
Payback period (years) - - - 
 
 
 
Figure 7-6: Share of production costs for high-scale AD of EFB 
Chapter 7: Oil palm empty fruit bunches 129 
 
 
These results show that for high-scale biofertilizers production from EFB the parameter 
that affect the most the production costs are the utilities. Although, the effect decreases 
when the processing capacity increases, while the raw materials cost increases as well. 
This is due to the large amount of steam required that is cover by the burning biogas only 
in 40%. Moreover, distribution cost for raw materials for both low and high-scale AD of 
EFB is presented in Figure 7-4. For high-scale AD cost of the EFB represents the 37% of 
the total cost and cost of KOH for pretreatment represents the 27%. Furthermore, due to 
the low nitrogen content in the raw material, large quantities of urea are required to adjust 
the C/N content to perform the process. Distribution costs of the raw materials for both 
low and high scale AD are presented in Figure 7-4. 
 
The profitability indexes high-scale AD show the no economic feasibility for these 
processing capacities. Again, this is confirmed by the NPV values presented in Figure 
7-7. For both products the production cost per Ton decreases while the biodigestion plant 
increases. The biosol cost per Ton is higher than the market price of 320 USD for 4.9 and 
9.5 Ton of processing capacity. On the other hand, the biol production cost is always 
higher compared to the commercial value of this product (630 USD/Ton [267]). 
 
Figure 7-7: Influence of the EFB processing capacity on the NPV for high-scale AD 
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7.2.3 Solid state fermentation 
The goal of the SSF is the production of gibberellic acid (GA3). Also six production 
capacities were evaluated: 65, 150 and 250 kg for low-scale SSF process and 4.9, 9.5 
and 13.65 Ton for high-scale SSF process. The process was simulated based on the 
procedure described in section 5.6.2. Firstly the EFB is dried and milled up to a particle 
size of 40 mm. Then it is subjected to an alkaline pretreatment with KOH (2.5 g/L) at 
121°C and water to solid ratio of 10 to decrease the recalcitrance of the feedstock and 
guaranty the availability of the substrate to the strain. Then, the moisture content of the 
pretreated EFB is adjusted to 60% and the substrate is autoclaved to avoid 
contamination. The SSF process was carried out at 30°C with the strain Gibberella 
fujikoroi for 10 days with urea as nitrogen content. After the fermentation process, the 
resulting solid is treated with water in a ratio of 1:20 initial solid to liquid, in order to 
separate the GA3. The isolation of the GA3 consisted on a train of evaporators to eliminate 
most of the water and the posterior crystallization and centrifugation of the product, to 
obtain a purity of 99%. The mass and energy balances for this low and high-scale process 
are summarized in Table 7-13 and Table 7-14, respectively. 
 
The results from Table 7-13and Table 7-14 indicate that the productivity of gibberellic acid 
from EFB is 0.45 and 1.35 g of GA3 per kg of wet and dried EFB, respectively. These 
yields are consisted with the reported by [316] of 1.22 g of GA3 per kg of dried substrate. 
 
Table 7-13: Mass and energy balances for low-scale SSF of EFB to produce GA3 
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EFB processing capacity (kg) 
65 150 250 
Other raw materials 
  KOH (kg) 0.27 0.62 1.03 
  Water for pretreatment (m3) 0.11 0.25 0.41 
  Urea (kg) 0.32 0.73 1.22 
  Water for fermentation (m3) 0.10 0.24 0.40 
  Water for separation (m3) 0.43 0.99 1.65 
Product 
  GA3 (g) 29.00 68.00 114.00 
Energy requirements    
  Electricity (kWh) 62.67 63.39 63.45 
  Heating (MWh) 1.31 1.86 5.18 
  Cooling (MWh) 0.12 0.34 0.56 
 
Table 7-14: Mass and energy balances for high-scale SSF of EFB to produce GA3 
 
EFB processing capacity (Ton) 
4.9 9.5 13.65 
Other raw materials 
  KOH (kg) 20.21 39.19 56.31 
  Water for pretreatment (m3) 8.09 15.68 22.52 
  Urea (kg) 23.94 46.42 66.69 
  Water for fermentation (m3) 7.93 15.37 22.08 
  Water for separation (m3) 32.34 62.70 90.09 
Product 
  GA3 (kg) 2.24 4.34 6.24 
Energy requirements    
  Electricity (kWh) 80.77 95.56 108.56 
  Heating (MWh) 100.77 195.38 280.73 
  Cooling (MWh) 10.98 21.28 30.58 
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Production costs for low and high-scale SSF of EFB for producing GA3 were 
calculated according to the Colombian conditions (See Table 5-9 and Table 5-10) 
using the commercial package Aspen Plus Economic Analyzer V 8.0. Production 
costs and share associated to this process at low and high-scale are presented in 
Table 7-15 and Table 7-8For low-scale SSF process, the economic factor that affects the 
most the production cost is the capital depreciation. The distribution cost of the raw 
material is presented in Figure 7-12. For GA3 production process, an additional sensitivity 
analysis regarding to the market price was developed. This analysis was considered 
based on the large range of prices found for this product (100-500 USD/kg). The 
profitability index and the payback period for low-scale SSF show that the process is not 
economic feasible at low scale since for all the cases profitability index is lesser than 1 
and the payback period is into the first 10 years. This is in accordance with the NPV 
dependence presented in Figure 7-10. 
 
Figure 7-8, respectively. Meanwhile, for high-scale SSF production cost and its 
share are presented in Table 7-16 and Figure 7-11, respectively. 
 
Table 7-15: Production costs of low-scale SSF of EFB to produce GA3 
Economic Parameter 
EFB processing capacity (kg) 
65 150 250 
Thousand USD/year 
Capital depreciation 657.04 659.89 660.14 
Raw materials 11.90 27.51 45.85 
Utilities 96.31 96.89 96.94 
Operation 264.67 266.78 268.25 
Total 1029.93 1051.07 1071.18 
GA3 production cost (USD/kg) 4439.33 1932.11 1174.54 
Selling price: 100 USD/kg 
  Profitability index 0.02 0.05 0.08 
  Payback period - - - 
Selling price: 500 USD/kg 
  Profitability index 0.07 0.16 0.27 
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  Payback period - - - 
 
For low-scale SSF process, the economic factor that affects the most the production cost 
is the capital depreciation. The distribution cost of the raw material is presented in Figure 
7-12. For GA3 production process, an additional sensitivity analysis regarding to the 
market price was developed. This analysis was considered based on the large range of 
prices found for this product (100-500 USD/kg). The profitability index and the payback 
period for low-scale SSF show that the process is not economic feasible at low scale 
since for all the cases profitability index is lesser than 1 and the payback period is into the 
first 10 years. This is in accordance with the NPV dependence presented in Figure 7-10. 
 
Figure 7-8: Share of production cost for GA3 production from EFB at low-scale 
 
 
 
Figure 7-9: Influence of the EFB processing capacity on the NPV for low-scale SSF 
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For high-scale SSF process, the economic factor that affects the most the production cost 
is the raw material, due to the high quantity of water required along all the process. The 
distribution cost of the raw materials for SSF for producing GA3 is presented in Figure 
7-12. The profitability index and the payback period for high-scale SSF show that the 
process is economic feasible at high-scale for all the processing capacities considered 
except for 4.9 Ton of EFB for a market price of 100 USD/kg. This is consistent with the 
NPV values presented in Figure 7-13. 
 
Table 7-16: Production costs of high-scale SSF of EFB to produce GA3 
Economic Parameter 
EFB processing capacity (Ton) 
4.9 9.5 13.65 
Million USD/year 
Capital depreciation 0.72 0.76 0.79 
Raw materials 0.89 1.74 2.50 
Utilities 0.11 0.12 0.13 
Operation 0.35 0.43 0.50 
Total 2.08 3.05 3.93 
GA3 production cost (USD/kg) 116.15 87.78 78.67 
Selling price: 100 USD/kg 
  Profitability index 0.88 1.14 1.25 
  Payback period - 6.00 4.00 
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Selling price: 500 USD/kg 
  Profitability index 1.76 2.03 2.13 
  Payback period 2.00 1.00 1.00 
 
Figure 7-10: Share of production cost for GA3 production from EFB at high-scale 
 
 
Figure 7-11: Distribution cost of the raw material for GA3 production through SSF 
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Figure 7-12: Influence of the EFB processing capacity on the NPV for high-scale SSF 
 
7.2.4 Comparative analysis between technologies 
As above mentioned, the base case for the economic comparison is the electricity 
production through gasification. The comparative analysis has been carried out based on 
the profitable index. For low-scale processes, the economic comparison is showed in 
Figure 7-14. 
 
According to Figure 7-14, for low-scale EFB processing no any of the considering 
processes is economically feasible, since the profitability indexes are equal or lower than 
the unit and even negative for the gasification process for the lower processing capacity. 
The AD process presents the highest profitable indexes due to the main products here 
considered are produced in large quantities, instead of the GA3 presents a very low yield 
and then the production volume is very low. On the other hand, the low values for the 
profitability index in the gasification process are mainly due to the high investment cost 
(See  
 
Figure 7-15). 
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Figure 7-13: Economic Comparison between technologies for low-scale EFB processing 
 
Figure 7-14:  Investments cost comparison between technologies for EFB processing 
 
For high-scale processes, the economic comparison is showed in Figure 6-16. In this 
case, the profitable indexes for SSF process are above the unit, while the profitability 
index for the gasification and AD processes is positive but lower than the unit. For high 
scale processing of EFB, the factor that affects the most the production cost is the utilities 
for AD and the raw materials for SSF (See  
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Figure 7-17). 
 
 
Figure 7-15: Economic Comparison between technologies for high-scale EFB 
processing 
 
Figure 7-16: Utilities cost comparison between technologies for EFB high-scale 
processing 
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Figure 7-17: Raw materials cost comparison between technologies for EFB high-scale 
processing 
 
7.3 Environmental assessment 
The environmental assessment has been carried out as the comparison between 
processes, also considering the gasification process as the base case. For this 
evaluation, the WAR software was used to calculate the Potential Environmental Impact 
(PEI) per unit of product. Besides, the greenhouse gas (GHG) emissions have been also 
compared for the three technologies. 
7.3.1 Potential Environmental Impact 
For the gasification process, the PEI and the GHG are calculated based on the electricity 
produced (PEI/kWh). Meanwhile for AD and SSF the units of product are the biofertilizers 
and the GA3, respectively. The PEI per unit of product for the low-scale processing of EFB 
for the three processes are presented in Figure 6-18. While for high-scale processing of 
EFB the comparison is presented in Figure 7-19. 
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Figure 7-18: Comparison of PEI per unit of product between technologies for low-scale 
EFB processing 
 
(a) Leaving PEI/unit of product 
 
 
(b) Generated PEI/unit of product 
 
Between the three processes, the SSF presents the higher both leaving and generated 
potential environmental impact. This behavior can be explained because of the large 
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quantity of residues generated during the process that are no longer treated, such as 
waste water with traces of sugars and lignin-rich solid residues, affecting considerably the 
Acidification Potential (AP). Moreover the energy required during the SSF is higher than 
the requirements for AD and gasification. On the other hand, during gasification just the 
hot exhausted gases are considered residues, while during the AD process no residues 
are generated. 
 
Figure 7-19: Comparison of PEI per unit of product between technologies for high-scale 
EFB processing 
 
(a) Leaving PEI/unit of product 
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(b) Generated PEI/unit of product 
For high-scale processing of EFB, the PEI for the AD process increases because of the 
waste water from the biogas desulphurization and the exhausted gases from the biogas 
combustion, presenting the higher both leaving and generated potential environmental 
impact. For both AD and SSF processes the most affected environmental factor in the 
Acidification Potential (AP). 
7.3.2 Green House Gas emissions 
Additionally, the GHG emissions were also calculated and compared between the three 
processes. The GHG emissions were calculated per kWh of produced electricity, Ton of 
produced biofertilizers and kg of gibberellic acid, for gasification, AD and SSF, 
respectively, using the emission factors summarized in Table 5-5. The results of the GHG 
assessment for low and high-scale EFB processing are presented in Figure 6-20. 
 
Figure 7-20: GHG emissions for low and high-scale processing of EFB 
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(a) Low-scale EFB processing (a) High-scale EFB processing 
 
According to Figure 6-20, for low-scale processing the process that presents the higher 
GHG emissions is the gasification of EFB, followed by the anaerobic digestion. This can 
be explained by the release of gases to the environment during these two processes. 
Even though during the SSF process CO2 and O2 are released to the environment, there 
are very low quantities. The real environmental concerns related to the SSF process are 
the large quantities of liquid and solid residues that are produced. On the other hand, for 
high-scale EFB, the AD process presents the higher GHG emissions, due to the gases 
produced during biogas combustion. 
7.4 Biofertilizers and gibberellic acid production under 
the biorefinery concept 
Two biorefinery scenarios have been designed to be compared from the techno-economic 
and environmental points of view. In the first scenario, xylitol, ethanol, biofertilizers and 
bioenergy are considered. The second scenario considers the production of xylitol, 
ethanol, gibberellic acid and bioenergy. For simulation purposes, 13.65 Ton/h of wet EFB 
has been considered as raw material. 
 
Table 7-17: Mass and energy balances of the two proposed scenarios 
Raw materials  Products 
EFB 13.65 Ton  CaSO4  0.86 Ton 
H2SO4 0.36 Ton  Xylitol  0.25 Ton 
Ca(OH)2 0.48 Ton  Ethanol 295.00 L 
Water 163.03 m3     
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Scenario I  Scenario II 
Other raw materials 
Urea  0.10 Ton  Water 40.65 m3 
Sludge  4.90 Ton  Urea 0.03 Ton 
Water  1.65 m3     
Products 
Biol 5.24 Ton  GA3 4.14 kg 
Biosol 1.68 Ton  Electricity 2.45 MWh 
Electricity 0.42 MWh  Heating 8.49 MWh 
Heating 3.99 MWh     
Energy requirements 
Electricity 0.27 MWh  Electricity 1.30 MWh 
Heating 173.59 MWh  Heating 435.50 MWh 
Cooling 91.49 MWh  Cooling 199.76 MWh 
 
The process starts with the drying and milling of the raw material. Then it is subjected to 
an acid pretreatment, as described in section 5.6. The xylose-rich liquor obtained is 
destined to the production of xylitol. Meanwhile, 50% of the solid obtained after the acid 
pretreatment is sent to an enzymatic hydrolysis and the glucose-rich liquor is used to 
produce ethanol. For scenario I the other 50% of this solid is sent to the anaerobic 
digestion process, together with the solid residue obtained from the ethanol and xylitol 
production processes, to obtain biol and biosol. Moreover, the produced biogas in burned 
to produce energy in form of electricity and heat. 
 
For the second scenario, the remaining solid is sent to the SSF process to produce 
gibberellic acid. Then the solid resulting from the SSF process and the ethanol production 
are used in a cogeneration process to obtain bioenergy. The mass and energy balances 
of the described scenarios are summarized in Table 6-17. The electricity produced by 
burning the biogas supplies the all the electricity requirements of the scenario I, and a 
surplus of energy of 150 kWh are produced. For scenario II a surplus of 1.15 MWh of 
electricity is obtained. The annualized costs of the biorefinery, as well as the distribution 
cost are presented in Table 6-18. 
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Table 7-18: Annualized costs of the two proposed biorefinery scenarios 
Economic parameter 
Scenario I Scenario II 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Capital depreciation 2.29 2 4.62 3 
Raw materials 2.83 3 2.34 11 
Utilities 12.29 63 65.47 77 
Operation 2.03 8 9.48 9 
Total 19.44  129.91  
Profitability index 1.04  1.46  
Payback period 8.00  3.00  
 
For both scenarios the economic parameter that affects the most the production cost is 
the utilities costs, mainly due to the high heating requirements. Production costs for each 
product in both scenarios are presented in Table 7-19. 
 
For both scenarios, the profitability index is above the unit, evidencing the economic 
feasibility of the biofertilizers and gibberellic acid in a biorefinery scheme, which is 
confirmed by the NPV. Moreover, the unit production costs for all the considered products 
except biol and ethanol for scenario I and II, respectively are lower than its corresponding 
market prices. These results show the benefits of considering the integrated production of 
different valuable products with respect to the stand alone processes, as shown in Figure 
7-21. For instance, for AD the NPV goes from a negative value to a positive one, while for 
SSF is increased almost the double. In addition and following the same tendency 
obtained for stand-alone processes, the second scenario presents a higher NPV due to 
the high market price of gibberellic acid, despite of its low productivity. 
 
Table 7-19: Unit production cost for both scenarios 
Scenario I  Scenario II 
Xylitol 3.77 USD/kg  Xylitol 4.79 USD/kg 
Ethanol 0.88 USD/L  Ethanol 4.52 USD/m3 
Biol 3120.82 USD/Ton  GA3 289.23 USD/kg 
Biosol 98.96 USD/Ton     
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Figure 7-21: NPV comparison between the biorefinery scenarios and the stand alone 
processes 
 
The environmental comparison has been carried out based on the PEI and GHG 
emissions per kg of product. The mass allocation method has been used to develop the 
assessments. Results for the environmental comparison are presented in  
Figure 6-23. The leaving PEI is higher for scenario II, where GA3 production through SSF 
and electricity through cogeneration are considered. It can be explained by the large 
quantity of liquid residues obtained during the SSF process. Besides, the exhausted 
gases from the gasification process are larger than gases released during biogas 
combustion. Moreover, gas from gasification is composed mainly by carbon monoxide 
and nitrogen while for combustion the main component is nitrogen. This result is 
confirmed by the GHG emissions, presenting negative GHG values the scenario I. 
 
Figure 7-22: Environmental comparison of the scenarios 
-50.00 0.00 50.00 100.00 150.00 
AD 
SSF 
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Chapter 7: Oil palm empty fruit bunches 147 
 
 
(a) Leaving PEI per kg of product 
 
 
(b) GHG emissions 
 
Final remarks 
Currently, EFB does not have an established use, beyond that soil ammendant or fungi 
cultivation. Nevertheless, because of it availability in the country and its physicochemical 
characterization, its potential as feedstock, not only for stand-alone processes but also for 
biorefineries is high. 
 
Although, given its high moisture content, low-scale processing and even high-scale 
processing for obtaining low-valuable products in stand alone process (such as biolo and 
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biosol) did not present good economic performances. This is because even for large 
availability, the 67% of the original raw material is water, which limits the prFoductivity and 
increases the capital and operating cost for requiring a drying operation. Although, when 
high-valuable products are considered, such as the case of GA3 production, given its high 
market price, in spite of its low productivity, the NPV and the profitability index are high. 
 
  
8. Chapter 8. Coffee husk 
Overview 
Coffee is the second largest traded commodity in the world after oil [96], with a global 
production of 150 million bags in 2013 [97]. Colombia is the fourth largest coffee producer 
in the world after Brazil, Vietnam and Indonesia with an annual production of 9 million 
bags in 2013 [97]. In the country, the coffee economy generates one of each three rural 
employments, occupies 560 thousand families and allows two million people living directly 
from the coffee production [98]. The 631 thousand jobs generated by coffee exceeds 3.7 
times the total contribution of flowers, banana, sugar and palm crops together [98]. 
 
This crop generates large amounts of by-products and residues during its processing [96]. 
It is estimated that less than the 5% of the generated biomass in the coffee process is 
used to produce the drink. The residuary 95% corresponds to lignocellulosic material, 
generated in the renewable process of the coffee trees, green fruits that fall during the 
collection, coffee pulp and coffee husk, among others. 
 
As an alternative to the conventional use of CH, in this chapter, experimental and 
simulation results of the production of biofertilizers and gibberellic acid from this residue 
as stand-alone products are presented. Experimental results comprise the 
physicochemical characterization of the CH as well as the anaerobic digestion and solid 
state fermentation processes at laboratory scale. Characterization results have been used 
to feed the simulations to obtain the mass and energy balances that were subsequently 
used to perform the economic and environmental analysis of the above mentioned 
processes. Moreover, comparisons from the techno-economic and environmental points 
of view of these stand-alone processes with gasification as base case were performed. 
Besides, two biorefinery scenarios were techno-economic and environmental assessed in 
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order to evaluate the influence of integrating the production of biofertilizers and gibberellic 
acid together with other added-value products. 
8.1 Experimental results 
8.1.1 CH characterization 
The physicochemical characterization of the CH in dry basis is presented in Table 8-1. CH 
has a moisture content of 10.50±1.03%, which is according to the moisture reported by 
[317-319]. Total solids (TS) and volatile solids (VS) contents are 89.50 and 88.91%, 
respectively. The structural sugars present in CH are glucose (34.76±1.57%) and xylose 
(18.54±1.17%). Acid soluble and acid insoluble lignin contents are 0.62±0.19% and 
21.79±0.47%, respectively. Meanwhile, acid insoluble ash content is 0.08±0.02%. CH 
water-soluble extractives represent the 82.04% of the total extractives and are composed 
by glucose (0.48±0.0006%), xylose (0.17±0.07), Galactose (0.28±0.04), arabinose 
(0.64±0.03), manose (0.03±0.0003), xylitol (0.11±0.006) and acetic acid (0.17±0.06%). 
 
Table 8-1: Coffee husk physicochemical characterization in dry basis 
Feature Composition (%) Deviation 
Cellulose 31.59 1.25 
Hemicellulose 16.41 0.91 
Lignin 22.41 0.44 
Extractives 10.58 0.24 
Ash 0.59 0.07 
O-Acyl groups 3.24 0.01 
 
According to the results, the main components of CH are cellulose and lignin. These 
results are in agreement with those reported in the literature where lignin, cellulose, 
hemicellulose and ash range between 24.4-41.86% [318, 320, 321], 13.2-60.2% [318, 
321-323], 7-25.85% [318, 321-323] and 0.95-6.03% [317, 318, 320-322], respectively. 
Moreover, extractives content of 12% have been reported [318]. 
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In Table 6-2 the elemental analysis of the CH submitted to characterization is presented. 
The results show that carbon and oxygen are the main elemental compounds of this raw 
material, representing approximately 94% of the raw material. According to these results, 
C/N ratio for CH is 50.59. Results obtained in this research are in agreement with those 
reported by [319, 324, 325]. 
 
Table 8-2: Elemental analysis for the CH 
Element Composition (%) Deviation 
Nitrogen 0.9332 0.0112 
Carbon 47.2192 0.2564 
Hydrogen 6.7145 0.0273 
Oxygen 45.1330 0.2403 
 
Phosphorous, potassium, calcium, sodium and magnesium concentrations were 
determined for sugarcane bagasse and the results are summarized in Table 6-3. 
According to these results, and considering that by 2013 the harvested area of coffee in 
Colombia was 771725 ha [326], approximately 115.74, 67.43, 404.89, 39.36 and 108.68 
tons of P, K, Ca, Na and Mg are lost with the CH, annually. 
 
Table 8-3: Nutrients concentration for CH 
Nutrient Concentration (mg/kg CH) Deviation 
P 660.69 25.45 
K 384.91 5.69 
Ca 2311.29 65.87 
Na 224.69 10.40 
Mg 620.38 25.12 
 
These results have been used to simulate the stand-alone processes of biofertilizers, 
gibberellic acid and electricity production, as well as the biorefinery schemes presented in 
this chapter. 
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8.1.2 Anaerobic digestion 
The anaerobic digestion process was carried out based on the experimental procedure 
described in section 5.3.3. Firstly the 50 g of milled CH were pretreated with 500 ml of 
KOH (2.5 g/L). Then 104 ml of bioslurry provided by EMAS was added to reach a TS od 
22%. Besides, in order to guarantee a C/N ratio of 30, 0.46 g of urea were used. The 
anaerobic digestion was performed during 20 days, obtaining a biogas yield of 0.0024 ml 
biogas/g of CH. Figure 8-1 shows the obtained solid afted the anaerobic digestion, with a 
moisture content of 73±0.51% and ash content of 2.8±0.03%. 
 
Figure 8-1: Solid obtained after the biodigestion 
 
 
The biogas composition was measured according to the procedure described above. The 
composition of the cumulated biogas was: 87.59% CH4 and 12.41% CO2. 
8.1.3 Solid state fermentation 
 
Firstly the 50 g of milled SCB were pretreated with 500 ml of KOH (2.5 g/L) according to 
procedure above described. Then, 5 g of the obtained solid was submitted to SSF with F. 
solani as described in section 5.4.2. Figure 6-1 shows the solid substrated submitted to 
the SSF. 
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Figure 8-2: Fermented SCB after 10 days 
 
Then, the GA3 was extracted from the solid substrate following the methodology 
described in section 5.4.2 and analyzed according to the experimental procedure 
described in the same section using UV-Vis. 
8.2 Techno-economic assessment 
8.2.1 Gasification 
The gasification process is presented as a base case to compare its economic behavior 
with the AD and SSF processes. Low and high-scale gasification were considered, 
evaluating six processing capacities (50, 150 and 300 kg for low-scale and 1, 5 and 9 Ton 
for high-scale), based on the coffee cultivated area in Caldas, where 62.9% of the coffee 
growers are smallholders (less than 1.5 ha), 34.4% belong to the agricultural coffee 
economy (1.5 to 10 ha) and 2.7% are part of the business coffee economy [327]. The 
gasification process was simulated according to the procedure described in section 5.6.3. 
Briefly, CH with a moisture content of 10% is gasified with air at an equivalent ratio of 0.25 
[309] at 60 bar. After, the obtained syngas is depressurized up to 1 bar to obtain 
electricity. For high-scale gasification the hot gas is used to produce steam at 30 bar 
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which goes through a steam turbine to produce more electricity. The commercial software 
Aspen Plus was used to generate the results presented in Table 8-4 and  
Table 6-5 for low and high-scale processes, respectively. 
 
Table 8-4: Electricity production for low-scale gasification of CH 
 CH processing capacity (kg) 
 50 150 300 
Electricity (kWh) 12.08 36.24 72.48 
 
Table 8-5: Electricity production for high-scale gasification of CH 
 CH processing capacity (Ton) 
 1.00 5.00 9.00 
Electricity (MWh) 0.28 0.75 1.08 
 
For low and high-scale gasification yields of 240 and 276 kW/Ton CH were obtained, 
respectively. The annualized cost of the gasification system and its share are summarized 
in Table 7-6 and Figure 8-3 for low-scale gasification and Table 6-7 and Figure 6-3 for 
high-scale gasification. 
 
Table 8-6: Annualized production cost of the low-scale gasification process of CH 
Economic Parameter 
CH processing capacity (kg/h) 
50 150 300 
Thousand USD/year 
Capital depreciation 19.48 19.48 28.22 
Raw materials 3.60 10.80 21.60 
Operation 4.24 4.60 7.44 
Total 27.32 34.88 57.27 
Electricity (USD/kWh) 0.51 0.31 0.42 
Profitability index 0.02 0.24 0.36 
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Figure 8-3: Share of production cost for the low-scale gasification process of CH 
 
The economic analysis for the low-scale gasification process was carried out based on 
the procedure described by FAO for rural gasification [308], considering 3600 working 
hours/year. For low-scale gasification, the production cost is always higher than the 
national average for non-interconnected zones of 0.2 USD/kWh [265]. In this case, the 
economic parameter that affects the most the production cost is the capital depreciation. 
For high-scale gasification plants, the economic analysis was developed using the 
commercial package Aspen plus Economic Analyzer at the Colombian conditions (See 
Table 5-9). 
 
Table 8-7: Annualized production cost of the high-scale gasification process of CH 
Economic Parameter 
CH processing capacity (Ton) 
1.00 5.00 9.00 
Million USD/year 
Capital depreciation 0.51 0.56 0.62 
Raw materials 0.16 0.80 1.44 
Utilities 0.41 0.41 0.41 
Operation 0.28 0.36 0.46 
Total 1.35 2.14 2.93 
Electricity (USD/kWh) 0.61 0.19 0.15 
0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 
100% 
50 150 300 
S
h
a
re
 o
f 
p
ro
d
u
c
ti
o
n
 c
o
s
t 
(%
) 
CH processing capacity (kg) 
Operating Raw materials Capital depreciation 
156 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
Profitability index 0.17 0.59 0.78 
Figure 8-4: Share of production cost for the high-scale gasification process of CH 
 
Electricity production cost for low- and high scale gasification was higher than the national 
average grid price of 0.2 and 0.1 USD/kWh for non-interconnected and interconnected 
Colombia zones, respectively. Capital depreciation represented the highest cost 
component but its influence decreased for larger processing capacities. According to 
UPME [310], the basic subsistence electricity consumption in Colombia per household 
ranges 1560 to 2076 kWh-year. Therefore, low-scale gasification processes of 50, 150 
and 300 kg CH can satisfy during 15 hours per day and 5 days a week the yearly 
electricity demand of 16-22, 49-66, and 99-132 homes, respectively. Again, 15% and 6% 
power losses were assumed due to operation steps and distribution network [308]. 
Although the electricity production cost under these conditions is significantly higher than 
the national average market price for non-interconnected zones in Colombia, it should be 
considered that in most of these zones the electric service is available only 4-6 hours per 
day, i.e., much less than the 15 hours per day assumed in this study. Moreover, in some 
non-interconnected zones electric service can cost 0.32 USD/kWh as in Vaupés [265]. On 
the other hand, the average electricity consumption per month for coffee drying, ranges 
333 and 2679 kWh [328] depending on the extent of the cultivated area. The cogeneration 
system here evaluated could supply 83-92% of this electricity demand. However, 
profitable index values showed no economic feasibility as reflected by values below 1. 
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8.2.2 Anaerobic digestion 
Low- and high scale AD processes were evaluated considering again six capacities: 50, 
150 and 250 kg for low-scale and 1, 5 and 9 Ton for high-scale production yielding liquid 
and solid biofertilizers and biogas. The process was simulated following the procedure 
described in section 5.6.1. For high-scale AD, an alkaline pretreatment with KOH (2.5 g/L) 
at 121°C and water to solid ratio of 10 was carried out to increase the process yield. For 
the AD process start-up, pretreated SCB was mixed with activated sludge from an 
anaerobic reactor of municipal solid waste to obtain a 22% TS content. The N content of 
this agroindustrial residue combined with its high carbon content yielded a C/N ratio of 50 
which was lowered by adding urea as an external nitrogen source lowering the C/N ratio 
to 30. Biofertilizers and biogas were obtained after 60 days. Part of the liquid slurry was 
recycled to the AD and used as process inocula. The remaining liquid phase and the 
solids would be used as foliar and soil fertilizers. The biogas is first desulphurized with 
water lowering H2S content to a 100 ppm maximum, and then dehumidified to obtain a 
methane content of approximately 80%. Finally, the biogas is combusted with excess air 
(20%) yielding electricity and steam to cover part of the AD plant energy requirements. 
 
In the case of low-scale process the CH is directly sent to the AD, mixed with activated 
sludge for the process start-up, and kept for 60 days. As in the previous case, the slurry 
obtained is separated into the solid and liquid biofertilizers and part of the liquid slurry is 
recycled to the anaerobic digestion as inocula for further biodigestions. The biogas was 
assumed to be used directly to cook and then desulphurized to a maximum concentration 
of 10 ppm H2S. Both processes were simulated using the Aspen Plus commercial 
software yielding the mass and energy balance values summarized in Table 7-8 and 
Table 6-10 for low and high-scale processes, respectively. 
 
Table 8-8:  Mass and energy balances for the low-scale AD process of CH 
 
CH processing capacity (kg) 
50 150 300 
Other raw materials 
  Urea (kg) 0.75 2.23 4.47 
  Activated sludge (kg)* 158.64 508.79 1017.58 
  Water (L) 55.00 177.00 347.00 
158 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
Products 
  Biol (Kg)** 169.51 535.24 1070.49 
  Biosol (kg) 33.72 106.47 212.94 
  Biogas (m3) 1.07 3.36 6.75 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes. 
 
Table 7-8 results indicate that 97% of the AD raw materials are recovered as biofertilizers, 
a value in accordance with a previously reported value of 85-90% [311]. The liquid phase 
represented approximately 83% of the bioslurry obtained reflecting a 44% VS recovery 
and similar to a 43.1% reported value [235]. The AD nutrient balance yielded estimated 
nutrient composition values for the liquid and solid biofertilizer summarized in Table 6-9. P 
and Ca showed a considerable increase due to their high content in the anaerobic sludge 
while N content increased because of the urea used to improve the AD C/N ratio. The N 
content of the solid biofertilizer was similar to that of ammonium sulfate (210 g/kg), and 
doubled that of di-ammonium and mono-ammonium phosphate (110 g/kg), while P 
content was approximately equal to 25% of the content in di-ammonium and mono-
ammonium phosphate (480 g P2O5/kg). Finally, the Ca content was also approximately 
equal to half of the Ca content in calcium nitrate (210 g/kg). 
 
After desulphurization, the biogas composition was 85% methane, 10% CO2, 1.6% N2, 
2.4% H2, and 0.8% water. For all CH processing capacities, the biogas energy content 
ranged between 4.1-4.2 kWh/m3, an energy content approximately equal to half litter of 
diesel (10 kwh/L), half cubic meter of natural gas (8.8 kWh/m3), half kg of coal (8.1 
kWh/kg), and almost 1 kg dry wood (5.3 kWh/kg) [314]. Biogas was assumed to be used 
directly used for cooking. Gas consumption for cooking per person and per meal ranges 
between 150 to 300 L of biogas [315]. Therefore, biogas production from 150 and 300 kg 
CH would allow cooking of 1 and 2-3 meals, respectively. 
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Table 8-9: Mass and energy balances for the high-scale AD process of CH 
 
CH processing capacity (Ton) 
1.00 5.00 9.00 
Other raw materials 
  Caustic potash (kg) 12.50 62.50 112.50 
  Water for pretreatment (m3) 5.00 25.00 45.00 
  Activated sludge (Ton)* 1.34 6.71 12.08 
  Urea (kg) 14.90 74.51 134.11 
  Water for desulphurization (L) 92.60 468.00 653.00 
Products 
  Biol (Ton)** 1.55 7.78 14.01 
  Biosol (Ton) 0.28 1.42 2.56 
  Electricity (MWh) 0.07 0.37 0.66 
  Heating (MWh) 0.81 3.44 6.25 
Energy requirements    
  Electricity (MWh) 0.05 0.25 0.44 
  Heating (MWh) 0.83 4.18 8.25 
  Cooling (MWh) 3.35 16.74 30.95 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes. 
 
Table 6-10 shows that 97% of the material subjected to biodigestion was recovered as 
biosluge. In addition, the liquid phase represented approximately 85% of the bioslurry, 
with a VS recovery of 48% in agreement with a 43.1% previously reported value [235]. 
The nutrient balance for the high-scale AD process yielded the estimated liquid and solid 
biofertilizer nutrient composition summarized in Table 6-9. 
 
Table 8-10: Nutrient balance for AD of CH 
Nutrient 
Nutrient content (g/kg) 
Inlet 
Outlet 
Low-scale High-scale 
CH 
Sludge 
[312] 
Urea Biosol* Biol* Biosol* Biol* 
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N 9.33 40.7 460 200.48 0.23 218.35 0.23 
P 0.66 25.4 - 118.99 0.45 121.78 0.42 
K 0.38 1.00 - 4.36 0.19 5.05 0.20 
Ca 2.31 25.30 - 1201.25 0.24 128.27 0.23 
Mg 0.62 4.30 - 19.86 0.06 21.13 0.25 
Na 0.22 0.30 - 1.44 0.26 1.82 0.07 
   * Distribution of nutrients calculated according to the literature [313] 
 
Table 6-10 shows that 100% of the electricity required by the high-scale AD could be 
obtained from the biogas. A 28% electricity surplus and 75-97% of the energy required for 
heating could be generated from the biogas combustion. 
 
Relatively inexpensive and easy-to-construct tubular or bag reactors with a 10-year 
lifetime built from double layered polyethylene are used in rural communities as AD 
digesters [244]. Economic assessment of low-scale AD plants was carried out following 
the procedure described by FAO [244] and described in Annex B. Annualized production 
costs per Ton of biosol and biol are summarized in Table 6-11 and their percentage share 
are presented in  
Figure 7-3. 
 
Table 8-11: Annualized production cost for low-scale AD of CH 
Economic Parameter 
CH processing capacity (kg) 
50 150 300 
USD/year 
Capital depreciation 31.99 41.32 54.98 
Raw materials 8.99 27.26 54.44 
Operation 1.76 3.05 4.97 
Total 42.74 71.63 114.40 
Production cost (USD/Ton) 
  Biol 4783.40 263.64 210.52 
  Biosol 87.85 46.63 37.23 
Profitability index 1.00 1.00 1.00 
Payback period (years) - 3.00 2.00 
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Figure 8-5: Share of production cost for low-scale biofertilizers production 
 
Figure 8-6: Influence of the CH processing capacity on the NPV for low-scale AD. 
 
For low-scale AD process, the economic factor with the largest effect on production cost 
was capital depreciation. Production capacity increases decreased this effect while 
increasing that of raw material. Figure 7-4 shows that CH represented 74% of the total 
costs. For 150 and 300 kg, the profitability index is 1, indicating that the plant would not 
generate a cost benefit which is consistent with the NPV dependence presented in Figure 
8-6. For low-scale AD biol and biosol production from 150 and 250 kg CH costs were 
lower than market prices (630 and 320 USD/Ton [267], respectively). On the other hand, 
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for high-scale AD biofertilizers production costs were lower than market prices [267] only 
for 9 Ton of CH. 
Production costs for high scale AD of CH were calculated according to the Colombian 
conditions (See Table 5-9 and Table 5-10) using the commercial package Aspen Plus 
Economic Analyzer V 8.0. Annualized production costs and its share are summarized in 
Table 6-12 and Figure 6-7, respectively. 
 
Table 8-12: Annualized production costs for high-scale biofertilizers production for CH 
Economic Parameter 
CH processing capacity (Ton) 
1.00 5.00 9.00 
Million USD/year 
Capital depreciation 1.47 1.52 1.70 
Raw materials 0.37 1.84 3.32 
Utilities 5.30 5.34 5.41 
Operation 0.83 0.99 1.03 
Total 7.98 9.70 11.47 
Production cost (USD/Ton) 
  Biol 2535.17 605.45 396.83 
  Biosol 1744.28 424.20 278.59 
Profitability index 0.18 0.80 1.07 
Payback period (years) -  - 7 
 
These results showed that for high-scale biofertilizers production from CH the parameter 
with the largest effect on production costs were utilities. While that of raw materials 
increased, the utility effect decreased when the processing capacity was increased. This 
reflected the large steam amount required. Cost for raw materials for both low and high-
scale AD of CH presented in Figure 7-4 show that CH represented 51% of the total cost, 
while KOH costs was 28% of the total taw material costs reflecting the large quantity 
required to obtain the desired pretreatment TS content. Distribution costs of the raw 
materials for both low and high scale AD are presented in Figure 7-4. 
 
Figure 8-7: Share of production costs for high-scale AD of CH 
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Figure 8-8: Distribution costs of the raw materials for low and high-scale AD of CH  
 
 
(a) Low-scale AD (b) High-scale AD 
 
The profitability indexes show the no economic feasibility for these high-scale processing 
capacities. Again, this is confirmed by the NPV values presented in  
 
 
 
 
 
Figure 8-9. For both products the production cost per Ton decreases while the 
biodigestion plant increases. 
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Figure 8-9: Influence of the SCB processing capacity on the NPV for high-scale AD 
 
8.2.3 Solid state fermentation 
SSF production of gibberellic acid (GA3) was again evaluated for six production 
capacities: 50, 150 and 250 kg for low-scale and 1, 5 and 9 Ton for high-scale processes. 
Simulations followed the procedure described in section 5.6.2. CH was first subjected to a 
KOH (2.5 g/L) alkaline pretreatment at 121°C and a water to solid ratio of 10 decreasing 
the recalcitrance of the feedstock and ensuring the substrate availability to the strain 
used. Moisture content of the pretreated CH was then adjusted to 60% and the substrate 
was then autoclaved to avoid contamination. The SSF process was carried out at 30°C 
with the strain Gibberella fujikoroi for 10 days with urea as additional N source. After the 
fermentation process, GA3 were separated from the solids obtained by water using a 1:20 
ratio of initial solid to liquid. GA3 were recovered using a train of evaporators to eliminate 
most of the water followed by crystallization and centrifugation yielding a 99% purity. The 
mass and energy balances for low and high-scale process are summarized in The results 
from Table 7-13and Table 7-14 indicate that the productivity of gibberellic acid from EFB 
is 0.45 and 1.35 g of GA3 per kg of wet and dried EFB, respectively. These yields are 
consisted with the reported by [316] of 1.22 g of GA3 per kg of dried substrate. 
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Table 7-13 and Table 6-14, respectively. 
 
Table 8-13: Mass and energy balances for low-scale SSF of CH to produce GA3 
 
CH processing capacity (kg) 
50 150 300 
Other raw materials 
  KOH (kg) 0.62 1.87 3.75 
  Water for pretreatment (m3) 0.25 0.75 1.50 
  Urea (kg) 0.47 1.42 2.85 
  Water for fermentation (m3) 0.15 0.47 0.94 
  Water for separation (m3) 1.00 3.00 6.00 
Product 
  GA3 (g) 36.00 108.00 217.00 
Energy requirements    
  Electricity (kWh) 62.67 64.33 67.20 
  Heating (MWh) 1.03 3.01 5.25 
  Cooling (MWh) 0.08 0.31 0.44 
 
Table 8-14: Mass and energy balances for high-scale SSF of SCB to produce GA3 
 
CH processing capacity (Ton) 
1.0 5.0 9.0 
Other raw materials 
  KOH (kg) 12.5 62.5 112.5 
  Water for pretreatment (m3) 5.00 25.00 45.00 
  Urea (kg) 9.50 47.52 85.54 
  Water for fermentation (m3) 3.15 15.73 28.32 
  Water for separation (m3) 20.00 100.00 180.00 
Product 
  GA3 (kg) 0.72 3.61 6.50 
Energy requirements    
  Electricity (kWh) 71.09 99.06 119.07 
  Heating (MWh) 20.09 100.43 180.77 
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  Cooling (MWh) 2.05 10.27 18.48 
 
Table 7-8 indicate that the productivity of gibberellic acid from CH was 0.72 g of 
GA3 per kg of CH. Production costs and share associated to this process at low 
and high-scale are presented in Table 7-15 and For low-scale SSF process, the 
economic factor that affects the most the production cost is the capital depreciation. The 
distribution cost of the raw material is presented in Figure 7-12. For GA3 production 
process, an additional sensitivity analysis regarding to the market price was developed. 
This analysis was considered based on the large range of prices found for this product 
(100-500 USD/kg). The profitability index and the payback period for low-scale SSF show 
that the process is not economic feasible at low scale since for all the cases profitability 
index is lesser than 1 and the payback period is into the first 10 years. This is in 
accordance with the NPV dependence presented in Figure 7-10. 
 
Figure 7-8, respectively. Meanwhile, for high-scale SSF production cost and its 
share are presented in Table 6-16 and Figure 6-11, respectively. 
 
 
Table 8-15: Production costs of low-scale SSF of CH to produce GA3 
Economic Parameter 
CH processing capacity (kg) 
50 150 300 
Thousand USD/year 
Capital depreciation 657.24 663.01 672.37 
Raw materials 27.97 84.01 168.03 
Utilities 96.31 97.64 99.94 
Operation 265.96 272.49 282.98 
Total 1047.48 1117.15 1223.14 
GA3 production cost (USD/kg) 3637.08 1293.00 704.57 
Selling price: 100 USD/kg 
  Profitability index 0.02 0.08 0.14 
  Payback period - - - 
Selling price: 500 USD/kg 
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  Profitability index 0.09 0.25 0.47 
  Payback period - - - 
 
Figure 8-10: Share of production cost for GA3 production from CH at low-scale 
 
In low-scale SSF process, the economic factor affecting production cost the most was 
capital depreciation. The distribution cost of the raw material is presented in Figure 6-12. 
For GA3 production process, an additional sensitivity analysis regarding market price was 
necessary due to the wide market price range for this product (100-500 USD/kg). The 
profitability index and the payback period for low-scale SSF show that the process was 
not economically feasible at low scale since for all cases as reflected by a profitability 
index below 1 and a payback period beyond 10 years. These observations were 
consistent with the NPV dependence shown in Figure 6-10. 
 
Figure 8-11: Influence of the CH processing capacity on the NPV for low-scale SSF 
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Table 8-16: Production costs of high-scale SSF of CH to produce GA3 
Economic Parameter 
CH processing capacity (Ton) 
1.0 5.0 9.0 
Million USD/year 
Capital depreciation 0.69 0.76 0.82 
Raw materials 0.56 2.80 5.04 
Utilities 0.10 0.12 0.14 
Operation 0.32 0.52 0.71 
Total 1.67 4.21 6.71 
GA3 production cost (USD/kg) 289.72 145.71 129.04 
Market price price: 100 USD/kg 
  Profitability index 0.38 0.85 0.97 
  Payback period - - - 
Selling price: 500 USD/kg 
  Profitability index 1.03 1.72 1.86 
  Payback period 10.00 2.00 1.00 
 
In high-scale SSF, the economic factor affecting production cost the most was raw 
material, due to the large water amounts required. Figure 6-12 shows the SSF distributed 
cost for raw materials required to produce GA3. The profitability index and the payback 
period for high-scale SSF showed that the process is economically feasible for all high-
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scale processing capacities assuming a GA3 market price of 500 USD/kg. This is 
consistent with NPV values shown in Figure 6-13. 
 
Figure 8-12: Share of production cost for GA3 production from CH at high-scale 
 
Figure 8-13: Distribution cost of the raw material for GA3 production through SSF 
 
 
Figure 8-14: Influence of the CH processing capacity on the NPV for high-scale SSF 
0% 
10% 
20% 
30% 
40% 
50% 
60% 
70% 
80% 
90% 
100% 
1 5 9 
S
h
a
re
 o
f 
p
ro
d
u
c
ti
o
n
 c
o
s
t 
(%
) 
CH processing capacity (kg/h) 
Operating 
Utilities 
Raw materials 
Capital depreciation 
Urea 
5% 
Water 
50% 
KOH 
16% 
CH 
29% 
170 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
 
8.2.4 Comparative analysis between technologies 
As previously mentioned, the base case for economic comparative analysis was electricity 
production through gasification and focusing on the profitable index. Figure 6-14 indicates 
that low-scale CH processing was not economically feasible for all production capacities 
(profitability index ≤ 1). The AD alternative yielded the highest profitable indexes reflecting 
products produced in large quantities when compared to the very low GA3 yield and thus 
very low production volumes. On the other hand, the lower profitability index values in the 
gasification process reflected high investment costs (See  
 
 
 
Figure 6-15). 
 
Figure 8-15: Economic Comparison between technologies for low-scale CH processing 
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Figure 8-16:  Investments cost comparison between technologies for CH processing 
 
For high-scale processes, Figure 6-16 shows SSF profitable indexes above 1, while those 
for the gasification and AD processes were positive but below 1. The factors affecting 
production cost the most were utilities for AD and raw materials for SSF (See Figure 6-17 
and Figure 8-19). 
 
Figure 8-17: Economic Comparison between technologies for high-scale CH processing 
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Figure 8-18: Utilities cost comparison between technologies for CH high-scale 
processing 
 
Figure 8-19: Raw materials cost comparison between technologies for CH high-scale 
processing 
0 0.5 1 1.5 2 
65 
150 
250 
Profitable index 
C
H
 p
ro
c
e
s
s
in
g
 c
a
p
a
c
it
y
 (
k
g
) 
SSF 
AD 
Gasification 
0 
1 
2 
3 
4 
5 
6 
1 
5 
9 
U
ti
li
ti
e
s
 c
o
s
t 
(M
il
li
o
n
 U
S
D
) 
CH processing capacity (Ton) 
Gasification 
AD 
SSF 
Chapter 8: Coffee husk 173 
 
 
8.3 Environmental assessment 
The environmental assessment comparing processes considered again gasification as a 
base case. The WAR software was used to calculate the Potential Environmental Impact 
(PEI) per unit of product. Greenhouse gas (GHG) emissions were also compared. 
8.3.1 Potential Environmental Impact 
For the gasification process, PEI and GHG values were calculated based on the electricity 
produced (PEI/kWh) while for AD and SSF it was based on the production of biofertilizer 
and GA3, respectively. The PEI per unit of product for the three low- and high-scale CH 
processing alternatives are shown in Figure 6-18 and Figure 7-19, respectively. Among 
the three alternatives, SSF showed higher leaving and generated potential environmental 
impact reflecting the large quantity of residues generated during that are not further 
processed, such as traces of sugars and lignin-rich solid residues in waste water with 
large impact onf the Acidification Potential (AP). Moreover the SSF energy requirement 
was higher than that for AD and gasification. On the other hand, only the gasification hot 
exhaust gases were considered residues, while AD process were assumed to generate 
no residues. 
 
Figure 8-20: Comparison of PEI per unit of product between technologies for low-scale 
CH processing 
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(a) Leaving PEI/unit of product 
 
 
(b) Generated PEI/unit of product 
 
 
Figure 8-21: Comparison of PEI per unit of product between technologies for high-scale 
SCB processing 
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(a) Leaving PEI/unit of product 
 
 
(b) Generated PEI/unit of product 
 
For high-scale CH processing, the PEI increase for the AD process reflected the waste 
water generated from the biogas desulphurization step and the exhaust gases generated 
during the biogas combustion. Again, SSF showed higher both leaving and generated 
potential environmental impact. For both AD and SSF processes the most affected 
environmental factor was the Acidification Potential (AP). 
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8.3.2 Green House Gas emissions 
GHG emissions were calculated per kWh of electricity, Ton of biofertilizers and kg of 
gibberellic acid for gasification, AD and SSF, respectively, using the emission factors 
summarized in Table 5-5. The results of the GHG assessment for low and high-scale CH 
processing are presented in Figure 6-20. 
 
Figure 8-22: GHG emissions for low and high-scale processing of SCB 
 
 
(a) Low-scale SCB processing (a) High-scale SCB processing 
 
Figure 6-20 shows that for low-scale CH processes the alternative with the highest GHG 
emission was gasification followed by AD reflecting the gas release to the environment. 
Even though SSF releases CO2 and O2 to the environment, the quantities involved were 
very small. The negative environmental impact of the SSF process reflected the large 
quantities of liquid and solid residues generated. High-scale CH processing showed 
higher GHG emissions for AD reflecting the gases generated during biogas combustion. 
8.4 Biofertilizers and gibberellic acid production under 
the biorefinery concept 
Two biorefinery scenarios for techno-economic and environmental comparisons were 
simulated assuming 9 Ton/h of CH. Scenario I included xylitol, furfural, ethanol, gibberellic 
acid and bioenergy production. Scenario II considered the production of xylitol, furfural, 
ethanol, biofertilizers and bioenergy. Acid CH pretreatment as described in section 5.6 
yielded a xylose-rich liquor for xylitol production. Half of the acid pretreated CH solids 
were subjected to enzymatic hydrolysis generating a glucose-rich liquor for ethanol 
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production. Under scenario I, the other 50% of treated CH solids and solid residues 
generated from ethanol and xylitol production were used for AD yielding biol and biosol. 
The biogas was used to produce electricity and heat. Under scenario II, all solids were 
used in SSF to produce gibberellic acid. Solids generated from the SSF process and 
ethanol production were used for cogeneration to obtain bioenergy. Mass and energy 
balances for both scenarios summarized in Table 6-17 showed that electricity produced 
from biogas supplied 61% of the electricity requirements for scenario I while generating a 
2.09 MWh surplus under scenario II. Annualized biorefinery costs and their distributed 
share are shown in Table 6-18. For both scenarios the economic parameter affecting 
production cost the most were utilities reflecting high heating requirements. Production 
costs for each product under both scenarios are summarized in Table 6-18. 
 
Table 8-17: Mass and energy balances of the two proposed scenarios 
Raw materials  Products 
SCB 9.00 Ton  CaSO4  3.04 Ton 
H2SO4 0.76 Ton  Xylitol  0.46 Ton 
Ca(OH)2 0.95 Ton  Ethanol 215.00 L
 
Water 307.08 m3     
Scenario I  Scenario II 
Other raw materials 
Urea  0.05 Ton  Water 71.40 m3 
Sludge  13.51 Ton  Urea 0.67 Ton 
Water  3.75 m3     
Products 
Biol 14.23 Ton  GA3 5.70 kg 
Biosol 4.09 Ton  Electricity 2.48 MWh 
Electricity 1.01 MWh  Heating 8.49 MWh 
Heating 8.98 MWh     
Energy requirements 
Electricity 0.68 MWh  Electricity 1.31 MWh 
Heating 335.24 MWh  Heating 395.95 MWh 
Cooling 173.78 MWh  Cooling 174.04 MWh 
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Table 8-18: Annualized costs of the two proposed biorefinery scenarios 
Economic parameter 
Scenario I Scenario II 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Capital depreciation 2.61 13 2.83 13 
Raw materials 2.43 12 2.46 11 
Utilities 12.41 63 14.16 65 
Operation 2.15 11 2.34 11 
Total 19.59  21.79  
Profitability index 1.46  1.53  
Payback period 3.00  2.00  
 
Table 8-19: Unit production cost for both scenarios 
Scenario I  Scenario II 
Xylitol 3.79 USD/kg  Xylitol 1.81 USD/kg 
Ethanol 1.24 USD/L  Ethanol 4.30 USD/m3 
Biol 1474.63 USD/Ton  GA3 146.63 USD/kg 
Biosol 41.84 USD/Ton     
 
Profitability index values for both scenarios showed economic feasibility and confirmed 
the benefit of integrating different products together with the production of biofertilizers 
and GA3 in the same facility. This was confirmed by the NPV values for the biorefineries 
and the stand-alone process alternatives summarized in Figure 6-22. Under scenario I, 
the unit costs for all products considered, except for ethanol and boil, were lower than 
their market prices while under scenario II only ethanol production cost was higher than 
its market price. The NPV for the scenario II was higher reflecting the high market price 
for GA3 following the same trend observed for the stand alone process. 
 
Figure 8-23: NPV for both scenarios 
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Environmental comparisons based on PEI and GHG values per kg of product using the 
mass allocation method are summarized in  
Figure 6-23. The high leaving PEI for scenario II, i.e., considering SSF GA3 production 
and electricity cogeneration, reflected the large liquid residues quantities generated. Also, 
exhaust gas amount for gasification was larger than that released from biogas 
combustion. Moreover, gasification gas is mostly CO and N2 while in combustion gas the 
main component is the latter. This result was confirmed by GHG estimations showing 
more negative values under scenario I. 
 
Figure 8-24: Environmental comparison of the scenarios 
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(b) GHG emissions 
 
Final remarks 
Currently CH is used to produce bioenergy though combustion systems. However, given 
its wide availability and composition this residue represents a potential raw material for a 
broad range of alternative products possible after CH pretreatment. 
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9. Chapter 9. Orange peel 
Overview 
Citrus fruits are one the most widely produced fruit in the world and grown in more than 
80 countries. Brazil leads citrus production, with more than 18.90 million metric tons of 
fruit produced during 2004–05, followed by the United States and China. Brazilian citrus 
production is oriented toward processing, while USA citrus production is focused toward 
processing and the fresh fruit market. Although when compared to Brazil and USA 
Colombia is a small producer, 187 thousand ton in 2010, expansion possibilities are 
feasible in Western Colombia. A wide spectrum of citrus products could be extracted and 
purified including essential oils, antioxidants, pectin and other high value options adding 
value to their important contribution to food security.  
 
This chapter summarizes simulation results for the production of biofertilizers, gibberellic 
acid and electricity from orange peel (OP) as stand-alone products. Results from the OP 
characterization procedures were used as simulation inputs required for the mass and 
energy balances subsequently used to perform the economic and environmental analysis. 
Techno-economic and environmental comparisons for the stand-alone processes were 
also performed. Based on the OP characterization, two biorefinery schemes were 
proposed and subjected to techno-economic and environmental evaluations. 
9.1 OP characterization 
OP characterization results expressed as dry basis values are summarized in Table 9-1. 
The 4.46±0.01% moisture content value was consistent with a previous report [329]. TS 
and VS values were 89.50 and 88.91%, respectively. Structural OP sugars were glucose 
(12.73±0.61%), xylose (6.17±0.09%), galactose (3.92±0.03%), arabinose (3.90±0.02%) 
and manose (0.49±0.04%). Acid soluble and acid insoluble lignin content calues were 
182 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
2.50±0.01% and 6.19±0.18%, respectively while acid insoluble ash content was estimated 
to be 0.08±0.01%. Water-soluble extractives represented 91.97% of the total extractives 
and included glucose (8.68±0.15%), xylose (0.50±0.04%), galactose (1.66±0.20%), 
arabinose (3.37±0.42%), manitol (0.86±0.0003%), xylitol (0.47±0.07%) and acetic acid 
(1.39±0.13%). Extractives content represented the major OP component while cellulose 
and hemicellulose content was low. These results were in agreement with those reported 
in the literature showing lignin, cellulose, hemicellulose and ash ranging between 0.84-
2.10%, 9.21-13.61%, 6.10-10.5%, and 1.50-5.51%, respectively [256, 329-332]. 
 
Table 9-1. Orange peel physicochemical characterization in dry basis 
Feature Composition (%) Deviation 
Cellulose 11.57 0.59 
Hemicellulose 12.93 0.11 
Lignin 8.69 0.19 
Extractives 38.89 0.95 
Ash 2.39 0.01 
O-Acyl groups 0.59 0.01 
 
Table 6-2 summarizing the elemental OP analysis showed that C and O represented 
approximately 43% and 50% of the total and that the C/N ratio was 43.64 in agreement 
with values previously reported [333, 334]. P, K, Ca, Na and Mg concentrations were 
summarized in Table 6-3. These results when considering the OP production level in 
Colombia would indicate that approximately 58.17, 277.16, 325.46, 2.93 and 54.14 tons of 
P, K, Ca, Na and Mg are lost annually. These results were used to simulate stand-alone 
biofertilizers, gibberellic acid and electricity production and biorefinery schemes proposed. 
 
Table 9-2. Elemental analysis for the CH 
Element Composition (%) Deviation 
Nitrogen 0.9463 0.0184 
Carbon 41.3009 0.0397 
Hydrogen 6.5108 0.0431 
Oxygen 51.2420 0.1012 
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Table 9-3. Nutrients concentration for OP 
Nutrient Concentration (mg/kg OP) Deviation 
P 1400.11 53.63 
K 6671.34 105.84 
Ca 7833.94 149.48 
Na 70.51 2.24 
Mg 1303.11 37.44 
 
9.2 Techno-economic assessment 
9.2.1 Gasification 
Again, gasification was chosen as the base case to analyze the economic behavior of the 
AD and SSF alternatives. Given its low availability in Colombia, only three low-scale OP 
gasification options were considered (500, 2000 and 5000 kg) in simulations following 
procedures described in section 5.6.3. Briefly, the moisture content was lowered from 
85.9% to 15% [308] and then OP was milled to a 80 mm particle size [308]. Next, the 
dried material was gasified with air at an equivalent volumetric ratio of 0.25 at 60 bar 
[309]. The syngas produced was then depressurized to 1 bar and used for electricity 
generation. The commercial software Aspen Plus was used to generate the results 
summarized in  On a wet and dry OP basis, low-scale gasification yielded 11 and 200 
kW/Ton, respectively. Annualized costs and percentage share are summarized in Table 
7-6 and Figure 9-1, respectively. Finally, the economic analysis followed procedures 
described by FAO for rural gasification [308] and assuming 3600 working hours/year. 
Production cost was always higher than the national average for non-interconnected 
zones of 0.2 USD/kWh [265]. The parameter affecting production costs the most was raw 
materials and its effect increased with processing capacity. 
 
Table 9-4. On a wet and dry OP basis, low-scale gasification yielded 11 and 200 kW/Ton, 
respectively. Annualized costs and percentage share are summarized in Table 7-6 and 
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Figure 9-1, respectively. Finally, the economic analysis followed procedures described by 
FAO for rural gasification [308] and assuming 3600 working hours/year. Production cost 
was always higher than the national average for non-interconnected zones of 0.2 
USD/kWh [265]. The parameter affecting production costs the most was raw materials 
and its effect increased with processing capacity. 
 
Table 9-4: Electricity production for low-scale gasification of OP 
 OP processing capacity (kg) 
 500 1000 5000 
Electricity (kWh) 5.93 23.73 59.34 
 
Table 9-5: Annualized production cost of the low-scale gasification process of OP 
Economic Parameter 
OP processing capacity (kg/h) 
500 1000 5000 
Thousand USD/year 
Capital depreciation 6.37 19.48 28.22 
Raw materials 9.00 36.00 90.00 
Operation 2.72 5.86 10.86 
Total 18.09 61.34 129.09 
Electricity (USD/kWh) 0.60 0.52 0.43 
Profitability index -0.52 -0.57 -0.92 
 
Figure 9-1: Share of production cost for the low-scale gasification process of OP 
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According to UPME [310], the basic subsistence electricity consumption in Colombia per 
household ranges 1560 to 2076 kWh-year. Therefore, the yearly electricity demand of 5-
7, 13-18, 20-30 homes could be met during 15 hours per day and 5 days a week by low-
scale gasification of 500, 1000 and 5000 kg of OP, respectively. This estimadtion 
assumed that 15% and 6% power losses occurred during operation and distribution [308]. 
Although electricity production cost under these conditions was significant higher than the 
national average selling price for non-interconnected zones in Colombia, it should be 
noted that in most of these zones electric service is available only 4-6 hours per day. 
Moreover in some non-interconnected zones of the country the electric service cost reach 
0.32 USD/kWh as in Vaupés [265]. 
9.2.2 Anaerobic digestion 
Three low-scale AD production capacities were considered (500, 1000 and 5000 kg) for 
the production of liquid and solid biofertilizers and biogas. The process was simulated 
based on the procedure described in section 5.6.1. OP was first dried to 15% moisture 
content and then milled to a 40 mm particle size before mixing it with activated sludge 
from an anaerobic municipal solid waste reactor yielding a 22% TS content. The N 
content of this agroindustrial residue together with its high carbon content yielded a C/N 
ratio of 44 which was lowered by adding urea reducing it to a C/N ratio of 30. Biofertilizers 
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and biogas were obtained after 60 days when the slurry generated was separated into 
solid (25% moisture content) and liquid phases. Part of the liquid slurry is recycled to the 
anaerobic digestor and used as inocula for subsequente AD processes. The remaining 
liquid and solid would be used as foliar and soil fertilizer while the biogas generated is 
assumed to be used directly for cooking after desulphurizing it to a maximum 
concentration of 10 ppm H2S. The process was simulated using the Aspen Plus 
commercial software to obtain the mass and energy balances summarized in Table 7-8. 
 
Table 9-6:  Mass and energy balances for the low-scale AD process of OP 
 
OP processing capacity (kg) 
500 2000 5000 
Other raw materials 
  Urea (kg) 5.12 20.49 51.23 
  Activated sludge (kg)* 223.68 894.73 2236.84 
  Water (L) 79.00 327.00 789.00 
Products 
  Biol (Kg)** 239.01 956.02 2390.05 
  Biosol (kg) 47.54 190.18 475.44 
  Biogas (m3) 1.50 5.96 15.03 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes. 
 
Table 9-6 shows that 95% of the AD raw material would be recovered as biofertilizers in 
agreement with an 85-90% value previously reported [311]. Besides, the liquid phase 
represented approximately 83% of the bioslurry generated, and a 44% VS recovery in 
agreement with a 43.1% value previously reported [235]. Based on the nutrient balance 
for the AD process, the calculated nutrient composition of the liquid and solid biofertilizers 
was summarized in Table 6-9. P and Ca increased considerably reflecting their high 
content in the anaerobic sludge while N content increased due to the use of urea to 
improve the AD C/N ratio. The N content of the solid biofertilizer was similar to that of 
ammonium sulfate (210 g/kg), and doubled that of di-ammonium and mono-ammonium 
phosphate (110 g/kg). The P content was approximately equal to 25% of that in di-
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ammonium and mono-ammonium phosphate (480 g P2O5/kg). Moreover, Ca content was 
also approximately half of the Ca content in calcium nitrate (210 g/kg). 
 
After desulphurization, the biogas contained 85% methane, 10% CO2, 1.6% N2, 2.4% H2 
and 0.8% water. For all OP processing capacities simulated, the biogas energy content 
ranged 4.1-4.2 kWh/m3 representing the energy almost 0.5 L diesel (10 kwh/L), 0.5 meter3 
natural gas (8.8 kWh/m3), 0.5 kg coal (8.1 kWh/kg) and almost 1 kg of dry wood (5.3 
kWh/kg) [314]. Assuming that the biogas obtained from 65, 150 and 250 kg of OP is 
directly used for cooking, and that gas consumption for cooking per person and per meal 
ranges between 150 to 300 L of biogas [315], this biogas production would allow cooking 
1-3, 3-7 and 6-12 meals, respectively. 
 
Table 9-7: Nutrient balance for AD of OP 
Nutrient 
Nutrient content (g/kg) 
Inlet Outlet 
OP Sludge [312] Urea Biosol* Biol* 
N 9.33 40.7 460 239.76 0.28 
P 0.44 25.4 - 131.69 0.50 
K 0.37 1.00 - 61.32 2.69 
Ca 0.63 25.30 - 199.46 0.39 
Mg 0.68 4.30 - 31.87 0.41 
Na 0.46 0.30 - 1.78 0.07 
* Distribution of nutrients calculated according to the literature [313] 
 
AD in rural communities is typically carried out in tubular or polyethylene bag reactors 
built from two tubular polyethylene layers [336]. These reactor are relatively inexpensive 
and easy to construct and have a lifetime of about 10 years. The economic assessment of 
low-scale AD plants was carried out following the procedure described by FAO [244]. The 
annualized production costs per Ton of biosol and biol are summarized in Table 6-11, 
while its share is presented in Figure 9-2. 
 
Table 9-8: Annualized production cost for low-scale AD of OP 
Economic Parameter OP processing capacity (kg) 
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500 1000 5000 
USD/year 
Capital depreciation 33.76 32.23 33.77 
Raw materials 28.91 63.21 285.59 
Operation 2.83 5.29 17.91 
Total 65.50 120.59 392.24 
Production cost (USD/Ton) 
  Biol 481.78 221.85 288.67 
  Biosol 74.27 34.18 44.48 
Profitability index 1.10 4.07 5.52 
Payback period (years) 8.00 2.00 1.00 
 
For low-scale AD process, the economic factor affecting productions cost the most was 
capital depreciation with an effect decreasing for larger processing capacities while 
increasing that of raw material. Figure 9-3 showed that OP represented 67% of total 
costs. The profitability index was >1 for all production capacities indicating economic 
feasibility in agreement with the NPV dependence (Figure 9-4). Biol and biosol production 
costs were lower than their corresponding market price (630 and 320 USD/Ton [267]. 
 
Figure 9-2: Share of production cost for low-scale biofertilizers production 
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Figure 9-3: Distribution costs of the raw materials for AD of OP 
 
Figure 9-4: Influence of the OP processing capacity on the NPV for low-scale AD. 
 
9.2.3 Solid state fermentation 
SSF production of gibberellic acid (GA3) was also analyzed at three production capacities 
(500, 1000 and 5000 kg) using simulations following the procedures described in section 
5.6.2. OP dried to 15% moisture content before milling to a 40 mm particle size was 
pretreated with KOH (2.5 g/L) at 121°C and a water to solid ratio of 10 to decrease the 
recalcitrance of the feedstock and guaranteeing the nutrient availability of the substrate to 
the inocula. Moisture content of the pretreated OP was then raised to 60% and then 
autoclaved to avoid contamination. The SSF process was carried out at 30°C with the 
strain Gibberella fujikoroi for 10 days with urea added to increase N content. After 
fermentation, the solids obtained were treated with water using a ratio of 1:20 initial solid 
to liquid. GA3 were then recovered using a train of evaporators to eliminate most of the 
water. After product crystallization and centrifugation a GA3 purity of 99% would be 
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obtained. The mass and energy balances for this process are summarized in The results 
from Table 7-13and Table 7-14 indicate that the productivity of gibberellic acid from EFB 
is 0.45 and 1.35 g of GA3 per kg of wet and dried EFB, respectively. These yields are 
consisted with the reported by [316] of 1.22 g of GA3 per kg of dried substrate. 
 
Table 7-13. 
 
Table 9-9: Mass and energy balances for low-scale SSF of OP to produce GA3 
 
OP processing capacity (kg) 
500 1000 5000 
Other raw materials 
  KOH (kg) 0.88 3.52 8.81 
  Water for pretreatment (m3) 0.35 1.41 3.52 
  Urea (kg) 0.45 1.79 4.47 
  Water for fermentation (m3) 0.15 0.59 1.48 
  Water for separation (m3) 1.41 5.64 14.10 
Product 
  GA3 (g) 49.00 98.00 196.00 
Energy requirements    
  Electricity (kWh) 62.86 65.45 69.83 
  Heating (MWh) 1.22 2.44 4.89 
  Cooling (MWh) 0.04 0.26 0.52 
 
Table 9-9 shows that the productivity of gibberellic acid from OP was 0.45 and 1.35 g of 
GA3 per kg of wet and dried OP, respectively and consistent with the 1.22 g of GA3 per kg 
of dried substrate previously reported [316]. Production costs and share associated to this 
process at low-scale are presented in Table 9-10 and Figure 9-5, respectively. 
 
Table 9-10: Production costs of low-scale SSF of OP to produce GA3 
Economic Parameter 
OP processing capacity (kg) 
65 150 250 
Thousand USD/year 
Capital depreciation 659.57 668.06 689.66 
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Raw materials 46.76 147.03 467.57 
Utilities 96.46 98.54 102.04 
Operation 267.47 278.09 308.06 
Total 1070.26 1191.71 1567.34 
GA3 production cost (USD/kg) 3185.30 1520.04 999.58 
Selling price: 100 USD/kg 
  Profitability index 0.02 0.04 0.07 
  Payback period - - - 
Selling price: 500 USD/kg 
  Profitability index 0.10 0.22 0.36 
  Payback period - - - 
 
For this low-scale SSF process, the economic factor affecting production cost the most 
was capital depreciation. Distributed share of the raw material cost is presented in Figure 
9-6. An additional sensitivity analysis was necessary considering the wide range in price 
found for this product (100-500 USD/kg). The profitability index and the payback period 
showed that this process is not economically feasible at low scale. For all production 
levels, the profitability index is below 1 and the payback period would be >10 years. This 
is in accordance with the NPV dependence presented in Figure 9-7. 
 
Figure 9-5: Share of production cost for GA3 production from OP at low-scale 
 
Figure 9-6: Distribution costs of the raw materials for SSF of OP 
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Figure 9-7: Influence of the OP processing capacity on the NPV for low-scale SSF 
 
9.2.4 Comparative analysis between technologies 
The base case for this economic comparison based on the profitable index was again 
electricity production through OP gasification. For low-scale processes, the economic 
comparison is shown in Figure 9-8. 
 
Figure 9-8: Economic Comparison between technologies for low-scale OP processing 
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Figure 9-8 showed that for low-scale OP processing only AD was economically feasible. 
The AD process presented the highest profitable indexes due to the production in large 
quantities of the main products here considered when compared to GA3 production 
characterized by a very low yield and thus very low production volumes. Moreover, 
technology for producing GA3 is more specialized and hence more expensive. On the 
other hand, the low values for the profitability index in the gasification process reflect 
mainly its high investment cost (See Figure 9-9). 
 
Figure 9-9:  Investments cost comparison between technologies for OP processing 
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9.3 Environmental assessment 
The environmental assessment conducted as a comparison between processes 
considered also gasification as the base case. The WAR software was used to calculate 
the Potential Environmental Impact (PEI) and greenhouse gas (GHG) emissions per unit 
of product were also compared for the three technologies. 
9.3.1 Potential Environmental Impact 
PEI and GHG values for gasification were calculated on the basis of electricity production 
(PEI/kWh) while for AD and SSF they were based on biofertilizer and GA3 production, 
respectively. The PEI per unit of product for the low-scale processing of OP for the three 
processes are presented in  
 
Figure 9-10. Among the three processes, SSF showed higher leaving and generated 
potential environmental impact reflecting the large quantity of residues generated that are 
not further processed including waste water with traces of sugars and lignin-rich solid 
residues with considerable Acidification Potential (AP) impact. In addition, the energy 
required for the SSF alternative was higher than that for AD and gasification. On the other 
hand, in gasification only the hot exhaust gases were considered residues, while in the 
AD process no residues were assumed to be generated. 
 
Figure 9-10: Comparison of PEI per unit of product between technologies for low-scale 
OP processing 
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(a) Leaving PEI/unit of product 
 
 
(b) Generated PEI/unit of product 
 
9.3.2 Green House Gas emissions 
GHG emissions were also calculated and compared for the three processes here 
proposed. GHG emissions were calculated per kWh of produced electricity, Ton of 
produced biofertilizers and kg of gibberellic acid, for gasification, AD and SSF, 
respectively, using the emission factors summarized in Table 5-5. The results of the GHG 
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assessment for low-scale OP processing are presented in Figure 9-11 showing that the 
process with the highest GHG values was OP gasification, followed by AD. This reflected 
the release of gases to the environment for these two processes. Even though SSF 
releases CO2 and O2 to the environment, the estimated quantities were very low. The 
SSF environmental concerns were the large liquid and solid residue quantities generated. 
 
 
Figure 9-11: GHG emissions for low-scale processing of OP 
 
9.4 Biofertilizers and gibberellic acid production under 
the biorefinery concept 
Based on the OP characterization values here presented and previously reported data 
[48], scenario I assumed limonene, pectin, biofertilizers and bioenergy production. In 
scenario II, limonene, pectin, gibberellic acid and bioenergy production was assumed. For 
simulation purposes, 5 Ton/h of wet OP was considered as raw material. 
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assumed to be sent to a pectin extraction process by hydrolysis with citric acid for 60 min 
at 80°C [335] and pectin decantation using 95% ethanol with a 1:2 output stream to 
ethanol ratio. Under scenario I, the solids obtained after pectin extraction were assumed 
to be used to produce biol and biosol by AD while the biogas is used to produce energy in 
the form of electricity and heat. Under scenario II, the remaining solids were assumed to 
be used to produce gibberellic acid by SSF generating solids to be used in a cogeneration 
process to obtain bioenergy. Mass and energy balances for the two scenarios are 
summarized in Table 9-11. The electricity generated by burning the biogas would supply 
all electricity requirements for scenario I and generate also a 150 kWh energy surplus. 
Under scenario II, a surplus of 1.15 MWh of electricity would be obtained. Annualized total 
and distributed biorefinery cost are presented in Table 6-18. Under both scenarios the 
economic parameter affecting production cost the most was raw material reflecting the 
ethanol and citric acid requirements for the pectin extraction. Production costs for each 
product in both scenarios are summarized in Table 7-19. 
 
Table 9-11: Mass and energy balances of the two proposed scenarios 
Raw materials  Products 
OP 5.00 Ton  Limonene  3.72 kg 
Ethanol 715.00 L  Pectin  27.92 kg 
Citric acid 105.00 kg     
Water 2.07 m3     
Scenario I  Scenario II 
Other raw materials 
Urea  51.22 kg  Water 8.35 m3 
Sludge  1.29 Ton  Urea 0.03 Ton 
Water  0.57 m3     
Products 
Biol 1.38 Ton  GA3 5.70 kg 
Biosol 0.28 kg     
Biogas 9.45 m3     
Energy requirements 
Electricity 59.07 kWh  Electricity 67.91 kWh 
Heating 2.23 MWh  Heating 12.35 MWh 
198 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
Cooling 1.15 MWh  Cooling 0.41 MWh 
 
In both biorefinery scenarios, the profitability index was >1 indicating their economic 
feasibility which was confirmed by NPV (Figure 7-21) confirming the advantage of small 
scale biorefineries producing biofertilizers and GA3. Moreover, unit production costs for all 
products considered were higher than the market prices, due to the low productivity of 
both scenarios, which is related with the low availability of the OP and its high moisture 
content. 
 
Table 9-12: Annualized costs of the two proposed biorefinery scenarios 
Economic parameter 
Scenario I Scenario II 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Capital depreciation 0.41 29 0.55 32 
Raw materials 0.66 46 0.75 43 
Utilities 0.06 4 0.08 5 
Operation 0.29 20 0.36 20 
Total 1.43  1.73  
Profitability index 1.41  2.53  
Payback period 3.00  1.35  
 
Table 9-13: Unit production cost for both scenarios 
Scenario I  Scenario II 
Limonene 0.09 USD/kg  Limonene 0.12 USD/kg 
Pectin 0.15 USD/kg  Pectin 0.30 USD/kg 
Biol 117.92 USD/Ton  GA3 9.98 USD/kg 
Biosol 4.25 USD/Ton     
 
 
Figure 9-12: NPV for both scenarios 
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Results of the environmental comparison carried out based on PEI and GHG emissions 
per kg of product and using the mass allocation method are shown in  
Figure 6-23. The leaving PEI was higher for scenario II, which considered GA3 production 
through SSF and electricity through cogeneration. This reflected large liquid residue 
quantities generated by SSF and larger amounts of exhaust gases from gasification than 
those released by biogas combustion. Moreover, gasification gas contains mainly CO and 
N2 while in combustion the main component is N2. This result was confirmed by GHG 
emission values, presenting negative GHG values for scenario I. 
 
Figure 9-13: Environmental comparison of the scenarios 
 
(a) Leaving PEI per kg of product 
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(b) GHG emissions 
 
Final remarks 
OP is a low-available raw material in Colombia and currently processes to yield valuable-
products are not an established practice. Despite of logistic transport problems reflecting 
its high moisture content and widely distributed availability, OP utilization offers good 
economic and environmental alternative as indicated by ….. 
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10. Chapter 10. Olive tree pruning 
Overview 
This chapter summarizes experimental and simulation results for the production of 
biofertilizers, gibberellic acid and electricity as stand-alone products from olive tree 
pruning (OTP). Experimental work included OTP characterization and AD and SSF runs 
at laboratory scale. OTP characterization values were used in simulations yielding mass 
and energy balances subsequently used to perform the economic and environmental 
analysis of theses processes. Techno-economic and environmental comparisons of the 
stand-alone processes were also performed. The OTP characterization suggested two 
biorefinery schemes that were also similarly evaluated. 
10.1 OTP characterization 
The OTP characterization on a dry basis is shown in Table 10-1. OTP had a moisture 
content of 5.91±0.01% and tructural sugars included glucose (40.29±1.18%), xylose 
(24.13±0.66%), arabinose (0.55±0.10%) and xylitol (0.54±0.03%). Acid soluble insoluble 
lignin content values were 1.65±0.16% and 17.63±0.11%, respectively, while acid 
insoluble ash content was 0.64±0.02%. Water-soluble extractives included glucose 
(1.63±0.11%), xylose (1.07±0.21%), galactose (0.73±0.05%), arabinose (1.66±0.23%), 
mannose (0.28±0.004%) and acetic acid (0.39±0.51%). TS and VS values, important AD 
parameters were 94.09 and 91.29%, respectively. The main components of OTP were 
cellulose and lignin. 
 
Table 10-1. Olive tree pruning physicochemical characterization in dry basis 
Feature Composition (%) Deviation 
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Cellulose 23.65 ±1.18 
Hemicellulose 15.44 ±0.66 
Lignin 20.16 ±0.32 
Extractives 25.55 ±0.53 
Ash 2.80 ±0.02 
O-Acyl groups 2.72 ±0.05 
 
 
A 52.75 C/N ratio was estimated based on the elemental analysis results summarized in 
Table 10-2. C carbon and O were the main OTP elements, representing approximately 
92% of the total. The most important nutrients present in OTP were determined to assess 
its potential as raw material for the production of biofertilizers. P, K, Ca, Na and Mg 
content values are summarized in Table 10-3. These results were used to simulate stand-
alone processes for biofertilizers, gibberellic acid and electricity production and for the 
biorefinery schemes presented in this chapter. 
 
Table 10-2. Elemental analysis for the OTP 
Element Composition (%) Deviation 
Nitrogen 0.8630 0.0370 
Carbon 45.5207 0.1899 
Hydrogen 6.9531 0.1016 
Sulfur 0.0285 0.0070 
Oxygen 46.6347 0.0860 
 
Table 10-3. Nutrients concentration for OTP 
Nutrient Concentration (g/kg) Deviation 
P 962.22 5.23 
K 4059.68 43.84 
Ca 7081.10 188.00 
Na 1055.39 27.59 
Mg 213.95 7.76 
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10.2 Techno-economic assessment 
10.2.1 Gasification 
Gasification was used as a base case when analyzing the economic behavior of the AD 
and SSF alternatives. Simulations performed following procedures described in section 
5.6.3 assumed 10 Ton OTP. Briefly, OTP was dried to 15% moisture content and then 
milled to a 80 mm particle size [308]. The dried material was then gasified with air at an 
equivalent volumetric ratio of 0.25 at 60 bar [309]. The hot gas generated was assumed to 
be used to produce steam at 30 bar which goes through a steam turbine to produce 
additional electricity. Aspen Plus was used to generate the process mass and energy 
balances yielding a gasification of 118 kW/Ton OTP. The economic analysis was 
developed using Aspen plus Economic Analyzer assuming Spain conditions (See Table 
5-9). Capital depreciation represented the highest cost component but its influence 
decreased when the processing capacity increased. 
 
Table 10-4: Annualized production cost of the gasification process of OTP 
Economic Parameter Million USD 
Capital depreciation 0.62 
Raw materials 1.79 
Utilities 0.42 
Operation 1.41 
Total 4.24 
Electricity (USD/kWh) 0.45 
Profitability index 0.02 
NPV (Million USD) -34.24 
 
Figure 10-1: Share of production cost for gasification process of OTP 
204 Techno – economic and environmental assessment of the use of lignocellulosic 
residues for biofertilizers production 
 
 
10.2.2 Anaerobic digestion 
AD was simulated based on 10 Ton OTP and following procedures described in section 
5.6.1. OTP was first dried to 15% moisture content and then milled to a 40 mm particle 
size. An alkaline pretreatment with KOH (2.5 g/L) at 121°C and water to solid ratio of 10 
was carried out to increase the process yield. For the AD process start-up, pretreated 
OTP was assumed to be mixed with activated sludge obtained from an anaerobic reactor 
of municipal solid waste and yielding a 22% TS content. The low N content of this 
agroindustrial residue together with its high C content lead to a high 52.93 C/N ratio which 
was lowered to a 30 C/N ratio by adding urea to the solid substrate. Biofertilizers and 
biogas were assumed to be obtained after 60 days. The slurry generated was then 
assumed to be separated into solid (25% of moisture content) and liquid fractions. Part of 
the liquid slurry was to be used as AD inocula. The remaining liquid and the solid fraction 
would be used as foliar and soil fertilizers. The biogas was first desulphurized with water 
lowering its H2S content to a 100 ppm maximum and then dehumidified yielding a 
methane content of approximately 80%. Finally, it was combusted with excess air (20%) 
to produce electricity and steam. Table 10-5 shows that 95% of the AD raw material was 
recovered as biofertilizers in agreement with a reported value of 85-90% [311]. The liquid 
fraction represented approximately 83% of the bioslurry reflecting a 44% VS recovery 
similar to a reported 43.1% value [235]. 
 
9% 
67% 
1% 
23% 
Capital depreciation 
Raw materials 
Utilities 
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The nutrient balance for the AD process yielded estimated nutrient composition for the 
liquid and solid biofertilizer (Table 10-6). P and Ca showed a considerable increase 
reflecting their high content in the anaerobic sludge. The N content increased because of 
the use of urea to improve the C/N ratio. The N content of the solid biofertilizer was similar 
to that of ammonium sulfate (210 g/kg), and doubled that of di-ammonium and mono-
ammonium phosphate (110 g/kg), while the P content was approximately equal to 25% of 
the content in di-ammonium and mono-ammonium phosphate (480 g P2O5/kg). Finally, Ca 
content was also approximately half of the Ca content in calcium nitrate (210 g/kg). 
 
Table 10-5: Mass and energy balances for the high-scale AD process of OTP 
 
10 Ton/h 
Other Raw Materials  
  Caustic potash (kg) 125.00 
  Water for pretreatment (m3) 50.00 
  Activated sludge (Ton)* 12.93 
  Urea (kg) 151.5 
  Water for desulphurization (L) 821.00 
Products  
  Biol (Ton)** 13.69 
  Biosol (Ton) 2.49 
  Electricity (MWh) 0.53 
  Heating (MWh) 4.96 
Energy requirements  
  Electricity (MWh) 0.54 
  Heating (MWh) 10.73 
  Cooling (MWh) 32.47 
* Starter culture, required as inocula for the start-up of the AD process. 
** Net production, part of which is recycled as inocula for other processes 
 
 
 
 
 
Table 10-6: Nutrient balance for AD of OTP 
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Nutrient 
Nutrient content (g/kg) 
Inlet Outlet 
OTP Sludge [312] Urea Biosol* Biol* 
N 9.33 40.7 460 239.76 0.28 
P 0.44 25.4 - 131.69 0.50 
K 0.37 1.00 - 61.32 2.69 
Ca 0.63 25.30 - 199.46 0.39 
Mg 0.68 4.30 - 31.87 0.41 
Na 0.46 0.30 - 1.78 0.07 
   * Distribution of nutrients calculated according to the literature [313] 
 
Table 6-10 shows that 97% of the material submitted to biodigestion was recovered as 
biosluge. The liquid fraction represented approximately 83% of the bioslurry, with a 48% 
VS recovery in agreement with a reported value of 43.1% [235]. The nutrient balance for 
high-scale AD yielded the nutrient composition of the liquid and solid biofertilizers (Table 
6-9). Moreover, 100% of the electricity required for high-scale AD could be covered by 
biogas combustion generating a 32% electricity surplus. On the other hand, 40% of the 
energy required for heating could be also supplied by the biogas combustion. AD costs for 
OTP assuming conditions in Spain (See Table 5-9 and Table 5-10) were estimated using 
Aspen Plus Economic Analyzer. Annualized production costs (Table 10-7) and their 
percentage share (Figure 10-2) showed that utilities was the parameter with the most 
effect on biofertilizers production costs. This effect decreased for larger processing 
capacities, while that of raw materials cost increased reflecting the large amount of steam 
required covered only 40% when burning the biogas. The profitability index for AD 
showed no economic feasibility for this process. Biosol cost was higher than the market 
price of 320 USD. The biol production cost was also higher than its commercial value 
(630 USD/Ton [267]). 
 
 
 
 
 
Table 10-7: Annualized production costs for high-scale biofertilizers production for OTP 
Chapter 10: Olive tree pruning 207 
 
Economic Parameter Million USD 
Capital depreciation 1.51 
Raw materials 3.63 
Utilities 6.01 
Operation 3.72 
Total 14.86 
Production cost (USD/Ton) 
  Biol 792.55 
  Biosol 375.15 
Profitability index 0.97 
Payback period (years) - 
NPV (Million USD) -1.11 
 
Figure 10-2: Share of production costs for high-scale AD of OTP 
 
10.2.3 Solid state fermentation 
Six SSF capacities were simulated for GA3 production from OTP, 65, 150 and 250 kg for 
low-scale and 4.9, 9.5 and 13.65 Ton for high-scale processes, following procedures 
described in section 5.6.2. OTP dried to a 15% moisture content was milled to a 40 mm 
particle size and then pretreated with KOH (2.5 g/L) at 121°C and a water to solid ratio of 
10. The moisture content of pretreated OTP was adjusted to 60% and then autoclaved to 
10% 
24% 
41% 
25% 
Capital depreciation 
Raw materials 
Utilities 
Operation 
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avoid contaminations. Gibberella fujikoroi SSF was carried out at 30°C for 10 days after 
adding urea to increase N content. After fermentation, solids were treated with water 
using a 1:20 initial solid to liquid ratio. GA3 was recovered using first a train of evaporators 
to eliminate most of the water and then by crystallization and centrifugation yielding a 
99% product purity. Mass and energy balances for low and high-scale processes 
summarized in The results from Table 7-13and Table 7-14 indicate that the productivity of 
gibberellic acid from EFB is 0.45 and 1.35 g of GA3 per kg of wet and dried EFB, 
respectively. These yields are consisted with the reported by [316] of 1.22 g of GA3 per 
kg of dried substrate. 
 
Table 7-13 and Table 6-14, respectively, indicate a GA3 productivity of 0.45 and 1.35 g of 
GA3 per kg of wet and dried OTP, respectively, values that are consistent with a reported 
value of 1.22 g of GA3 per kg of dried substrate [316]. 
 
Table 10-8: Mass and energy balances for high-scale SSF of OTP to produce GA3 
 
10 Ton/h 
Other Raw Materials  
  KOH (kg) 125.00 
  Water for pretreatment (m3) 22.52 
  Urea (kg) 70.91 
  Water for fermentation (m3) 22.08 
  Water for separation (m3) 90.09 
Product  
  GA3 (Kg) 5.43 
Energy requirements  
  Electricity (MWh) 108.56 
  Heating (MWh) 280.73 
  Cooling (MWh) 30.58 
 
Production costs for high-scale SSF GA3 production were calculated according to 
Spain conditions (See Table 5-9 and Table 5-10) using Aspen Plus Economic 
Analyzer. Production costs and distributed shares at low and high-scale are 
presented in Table 7-15 and For low-scale SSF process, the economic factor that 
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affects the most the production cost is the capital depreciation. The distribution cost of the 
raw material is presented in Figure 7-12. For GA3 production process, an additional 
sensitivity analysis regarding to the market price was developed. This analysis was 
considered based on the large range of prices found for this product (100-500 USD/kg). 
The profitability index and the payback period for low-scale SSF show that the process is 
not economic feasible at low scale since for all the cases profitability index is lesser than 1 
and the payback period is into the first 10 years. This is in accordance with the NPV 
dependence presented in Figure 7-10. 
 
Figure 7-8, respectively. Meanwhile, for high-scale SSF production cost and its 
share are presented in Table 6-16 and Figure 6-11, respectively. 
 
 
 
 
 
Table 10-9: Production costs of high-scale SSF of OTP to produce GA3 
Economic Parameter Million USD 
Capital depreciation 0.72 
Raw materials 5.63 
Utilities 0.11 
Operation 1.93 
Total 8.39 
GA3 production cost (USD/kg) 193.22 
Selling price: 500 USD/kg 
  Profitability index 1.65 
  Payback period 2.00 
NPV (Million USD) 74.10 
 
For low-scale SSF, capital depreciation was the economic factor affecting production cost 
the most. The distribution cost of raw materials are shown in Figure 6-12. GA3 production 
required an additional sensitivity analysis because of the wide market price range for this 
product (100-500 USD/kg). The profitability index and the payback period for low-scale 
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SSF showed that the process was not economically feasible at low scale since for all 
production capacities, the profitability index was < 1 and the payback period exceeded 10 
years in agreement with the NPV dependence shown in Figure 6-10. 
 
Figure 10-3: Share of production cost for GA3 production from OTP at high-scale 
 
For high-scale SSF, raw material was the economic factor with the largest production cost 
effect reflecting the high quantity of water required for the process. The distribution cost of 
the raw materials for GA3 production is shown in Figure 6-12. The profitability index and 
payback period for high-scale SSF showed that the process is economically feasible for 
all processing capacities considered except for 4.9 Ton of OTP for a GA3 market price of 
100 USD/kg. This was consistent with the NPV values shown in Figure 6-13. 
 
Figure 10-4: Distribution cost of the raw material for GA3 production through SSF 
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10.2.4 Comparative analysis between technologies 
As in previous sections, the base case for economic comparisons was electricity 
production through gasification and carried out using the profitable index. For low-scale 
processes, the economic comparison shown in Figure 6-14, none of the process 
alternatives was economically feasible (profitability indexes ≤ 1) and even negative values 
for low capacity gasification processes. AD showed the highest profitable index values 
reflecting main products produced in large quantities when compared to very low yields 
and thus very low GA3 production volumes. Low profitability index values for the 
gasification process reflect a high investment cost (See  
 
 
 
Figure 6-15). 
 
Figure 10-5: Economic Comparison between technologies for high-scale OTP 
processing 
 
Figure 10-6:  Investments cost comparison between technologies for OTP processing 
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The economic comparison for high-scale processes (See Figure 6-16) showed profitable 
index values >1 for SSF, while values for gasification and AD were positive but <1. For 
high scale OTP processing, utilities was the factor affecting production cost the most for 
AD and raw materials for SSF (See Figure 6-17 and  
 
 
 
 
 
Figure 7-17). 
 
10.3 Environmental assessment 
The environmental assessment considered also gasification as the base case process. 
For this evaluation, the WAR software was used to calculate the Potential Environmental 
Impact (PEI) per unit of product. Greenhouse gas (GHG) emissions were also compared 
for the three technology options. 
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10.3.1 Potential Environmental Impact 
For the gasification process, PEI and GHG values were calculated based on electricity 
production (PEI/kWh) while the amount of biofertilizer and GA3 produced were used for 
AD and SSF, respectively. PEI values for low- and high scale OTP processing by the 
three process alternatives are shown in Figure 6-18 and Figure 7-19, respectively. 
 
Figure 10-7: Comparison of PEI per unit of product between technologies for high-scale 
OTP processing 
 
(a) Leaving PEI/unit of product 
 
 
(b) Generated PEI/unit of product 
HTPI      HTPE      TTP      ATP      GWP      ODP      PCOP      AP       TOTAL     
Gasification 1.32E+0 1.60E-0 1.32E+0 9.67E-0 1.29E-0 0.00E+0 1.53E-0 0.00E+0 2.67E+0 
AD       2.95E-0 7.86E-0 2.95E-0 9.92E+0 5.76E+0 2.18E-0 4.20E-0 5.94E+0 6.63E+0 
SSF      2.93E-0 7.87E-0 2.93E-0 9.99E+0 5.78E+0 2.19E-0 4.28E-0 5.99E+0 6.68E+0 
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HTPI      HTPE      TTP      ATP      GWP      ODP      PCOP      AP       TOTAL     
Gasification 1.55E+0 1.03E-0 1.55E+0 -8.07E- 1.62E-0 0.00E+0 -1.14E- 0.00E+0 3.07E+0 
AD       -3.78E- 2.38E-0 -3.78E- 3.35E+0 1.95E+0 7.40E-0 1.07E-0 2.02E+0 2.25E+0 
SSF      2.42E-0 6.66E-0 2.42E-0 8.48E+0 4.90E+0 1.86E-0 3.58E-0 5.08E+0 5.65E+0 
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Among the three process alternatives, SSF showed a higher leaving and generated 
potential environmental impact reflecting the large quantity of residues generated during 
the process including waste water with traces of sugars and lignin-rich solid residues, 
affecting considerably the Acidification Potential (AP). Moreover, the SSF energy 
requirement was higher than that for AD and gasification. In gasification only hot exhaust 
gases were considered residues while no residue generation was assumed for AD. 
 
For high-scale OTP processing, the PEI value for the AD process increased reflecting the 
waste water generated by the desulphurization of biogas and the exhaust gases 
generated by its combustion, presenting both higher leaving and generated potential 
environmental impact. For both AD and SSF processes the most affected environmental 
factor in the Acidification Potential (AP). 
10.3.2 Green House Gas emissions 
GHG emissions were also calculated and compared for the three process alternatives. 
GHG emissions were calculated per kWh of electricity, Ton of biofertilizers and kg of 
gibberellic acid, for gasification, AD and SSF, respectively, using the emission factors 
summarized in Table 5-5. The results of the GHG assessment for low and high-scale EFB 
processing are shown in Figure 6-20. 
 
Figure 10-8: GHG emissions for high-scale processing of OTP 
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Figure 6-20 shows that for low-scale processes, OTP gasifiation was the process with the 
highest GHG emissions followed by AD reflecting the release of gases to the environment 
for these two processes. Even though SSF releases CO2 and O2 into the environment, the 
quantities involved are very small. The environmental impact of the SSF process is 
associated with the large quantities of generated liquid and solid residues. On the other 
hand, for high-scale OTP process alternatives, AD process showed the highest GHG 
emissions reflecting the gases produced during biogas combustion. 
10.4 Biofertilizers and gibberellic acid production under 
the biorefinery concept 
A biorefinery approach combining feedstocks and technologies to produce a variety of 
products including biofuels, specialty chemicals, animal feed, heat and power can 
improve feedstock utilization. Two biorefinery scenarios were compared from techno-
economic and environmental points of view. Scenario I, considered production of xylitol, 
ethanol, biofertilizers and bioenergy while scenario II included xylitol, ethanol, gibberellic 
acid and bioenergy. The simulation assumed 13.65 Ton/h of wet OTP as raw material. 
OTP is first dried to 15% moisture content and milled to a X mm particle size before the 
acid pretreatment described in section 5.6. The xylose-rich liquor obtained was assumed 
to be destined for xylitol production while 50% of the acid pretreated solid are subjected to 
an enzymatic hydrolysis yielding a glucose-rich liquor used for ethanol production.  
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Under scenario I, the remaining 50% solids and the solid residue generated by the 
ethanol and xylitol production processes were assumed used for AD yielding biol and 
biosol. The biogas produced is burnt to produce energy in the form of electricity and heat. 
Under scenario II, the remaining 50% solids are used for SSF production of GA3. The 
solids from the SSF process and ethanol production are subjected cogeneration to obtain 
bioenergy. Mass and energy balances for these two scenarios are summarized in Table 
6-17. Electricity generated from the biogas supplied all the electricity requirements for 
scenario I while leaving a 150 kWh surplus. Under scenario II a surplus of 1.15 MWh of 
electricity would be obtained. Annualized biorefinery costs, as well as distribution costs 
are shown in Table 6-18. For both scenarios, utilities was the economic parameter 
affecting production cost the most reflecting high heating requirements. Production costs 
for each product in both scenarios are presented in Table 7-19. 
 
Table 10-10: Mass and energy balances of the two proposed scenarios 
Raw materials  Products 
OTP 13.65 Ton  CaSO4  0.86 Ton 
H2SO4 0.36 Ton  Xylitol  0.25 Ton 
Ca(OH)2 0.48 Ton  Ethanol 295.00 L 
Water 163.00 m3     
Scenario I  Scenario II 
Other raw materials 
Urea  0.10 Ton  Water 40.65 m3 
Sludge  6.12 Ton  Urea 0.03 Ton 
Water  1.65 m3     
Products 
Biol 5.24 Ton  GA3 4.14 kg 
Biosol 1.68 Ton  Electricity 2.45 MWh 
Electricity 0.42 MWh  Heating 8.49 MWh 
Heating 3.99 MWh     
Energy requirements 
Electricity 0.27 MWh  Electricity 1.30 MWh 
Heating 173.59 MWh  Heating 435.50 MWh 
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Cooling 91.49 MWh  Cooling 199.76 MWh 
 
 
Table 10-11: Annualized costs of the two proposed biorefinery scenarios 
Economic parameter 
Scenario I Scenario II 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Annualized costs 
(Million USD/year) 
Share 
(%) 
Capital depreciation 2.19 9 4.13 11 
Raw materials 3.88 16 3.54 10 
Utilities 12.80 54 20.92 58 
Operation 4.57 21 7.51 21 
Total 23.67  36.09  
Profitability index 1.02  1.46  
Payback period 10.00  3.00  
 
For both scenarios, the profitability index was below 1 indicating no economic feasibility 
for the biorefineries and confirmed by NPV estimation (Figure 7-21). Moreover, unit 
production costs for all products were higher than market prices reflecting low productivity 
for both scenarios which is related to the low OTP availability and its high moisture 
content. 
 
Table 10-12: Unit production cost for both scenarios 
Scenario I  Scenario II 
Xylitol 4.19 USD/kg  Xylitol 5.56 USD/kg 
Ethanol 1.22 USD/L  Ethanol 5.25 USD/m3 
Biol 3736.45 USD/Ton  GA3 334.54 USD/kg 
Biosol 130.69 USD/Ton     
 
 
 
 
Figure 10-9: NPV for both scenarios 
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Environmental comparisons, based on PEI and GHG emissions per kg of product and the 
use of the mass allocation method, are summarized in  
Figure 6-23. The leaving PEI was higher for scenario II considering SSF GA3 production 
and electricity cogeneration reflecting the large quantity of SSF liquid residues generated 
and that the exhaust gases amount from the gasification process was larger than those 
released during biogas combustion. Moreover, gas from gasification is composed mainly 
of CO and N2 while for combustion the main component is the latter. These observations 
were confirmed by negative GHG emissions for scenario I. 
 
Figure 10-10: Environmental comparison of the scenarios 
 
(a) Leaving PEI per kg of product 
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(b) GHG emissions 
 
 
  
11. Chapter 11. Conclusions and 
recommendations 
Colombia is the second largest consumer of chemical fertilizers in Latin America, with 
national market prices exceeding worldwide values by 30-50% generating high food 
prices, subsidized purchases of agrochemicals and a poor life quality for small farmers 
selling agricultural products at prices that are not profitable. In despite of this situation, 
research in Colombia yielding solutions to these national problems has been inadequate. 
This thesis project explored alternative products to replace partially chemical fertilizers 
while considering an integrated use of agroindustrial residues. In some cases they could 
solve an environmental problem while yielding organic fertilizers. In general, the 
integration of their production with other valuable outputs within a biorefinery context 
improved economic performance indicators. For example, … 
 
While several alternatives to produce organic fertilizers are possible, anaerobic digestion 
as presented in this thesis, showed high potential for the treatment and transformation of 
residues into fertilizers. Besides being economic, the biogas produced can be used to 
satisfy various energy needs, is environmental friendly, yielding not only soil nutrients but 
also organic matter, which are typicaly lost under current agricultural practices, affecting 
soil quality and hence their productivity. 
 
Although it is a specialty and expensive metabolite, GA3 production did not show good 
economic performance as a stand-alone process for low-scale capacities, due to high 
investment costs and a process with high water and energy consumption. Under high-
scale production scenarios, high profitability indexes and NPV values were obtained in 
spite of low GA3 productivity. However, worldwide GA3 market price range 100-500 
USD/kg, while the assessment presented in this thesis showed production costs ranging 
69-289 USD/kg for high-scale processing. 
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This thesis included the integration of various process into biorefinery scenarios including 
the production of low-cost products (e.g., biol and biosol) and high-cost products (e.g., 
GA3) with other value-added products offering advantages related to energy consumption, 
economic performance and environmental concerns and justifying their detailed 
assessment as starting point for biofertilizer production lines. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
A. Roles of essential nutrients in 
crop development 
Table A- 1: Roles of the essential macronutrients in crop development [17, 336]. 
Cell function Element Absorption 
form 
Structural and 
constituent 
Processes 
Constituents of 
organic 
molecules 
Nitrogen    
     
  
 Amino acids 
 Proteins 
 Nitrogenous bases 
 Nucleic acids 
 Enzymes 
 Co-enzymes 
 Vitamins 
 Glyco y lipoproteins 
 Pigments 
 Ionic absorption 
 Photosynthesis 
 Respiration 
 Synthesis, 
multiplication y cell 
differentiation 
 Heritage 
Sulfur    
   
 Amino acids (cysteine, 
cystine, methionine, 
taurine) 
 Proteins 
 Vitamins 
 Co-enzymes 
 Esters with 
polysaccharides 
 Sulfhydryl groups and 
dithiol 
 Ferrodixines 
 Photosynthesis 
 CO2 fixation 
 Respiration 
 Fats and proteins 
synthesis 
 Symbiotic fixation of 
nitrogen 
Energetic 
reserve 
Phosphorous      
      
   
 Esters from 
carbohydrates 
 Phospholipids 
 Co-enzymes 
 Nucleic acids 
 Energy storage and 
transfer 
 Symbiotic fixation of 
nitrogen 
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Table A-1: Continuation 
Cell function Element Absorption 
form 
Structural and 
constituent 
Processes 
Ionic form Potash    
 Pyruvate kinase 
 Glutathion synthesis 
 Succinyl CoA synthesis 
 Glutamylcysteine 
synthesis 
 NAD+ synthesis 
 Aldehyde 
dehydrogenase 
 Osmotic processes 
 Stomata opening 
and closing 
 Photosynthesis 
 Carbohydrates 
transport 
 Respiration 
 Symbiotic fixation of 
nitrogen 
 
Calcium       
 Pectates 
 Carbonates 
 Oxalates 
 Phytates 
 Calmoludines 
 ATPase (aspirasa) 
 α – amylase 
 Phospholipase D 
 Nuclease 
 Structure and 
function of 
memebranes 
 Ionic absorption 
 Reactions with 
vegetable 
hormones 
 Enzyme activation  
Redox 
reactions 
Manganese      
 Manganin 
 Glutanoide 
 Methionine 
 Pyruvate kinase 
 Enolase 
 Pyruvate carboxylase 
 Pyrophosphorylase 
 Malic enzyme 
 
 Ionic absorption 
 Photosynthesis 
 Respiration 
 Hormonal control 
 Protein synthesis 
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Table A- 2: Roles of the essential micronutrients in crop development [17, 336] 
Cell function Element Structural and constituent Processes 
Ionic form 
Chlorine 
 Acutumina 
 Acutumidina 
 Activation of water 
photolysis 
 Photosynthesis 
Magnesium 
 Chlorophyll 
 Acetic tiokinase 
 Pyruvic kinase 
 Hexokinase 
 Enolase 
 Pyruvate decarboxylase 
 Ionic Absorption 
 Photosynthesis 
 Respiration 
 Energy storage and 
transfer 
 Electrolitic balance 
 Stability of ribosomes 
Redox reactions 
Iron 
 Chelates 
 Fitoferritin 
 Heme peroxidase 
 Catalase 
 Cytochromes 
 Hemoglobin 
 Sulfite reductase 
 Sulfite oxidase 
 Ferrodoxin 
 Nitrogenase 
 Hydrogenase 
 Photosynthesis 
 Respiration 
 Biological fixation of 
nitrogen 
 Assimilation of nitrogen 
and sulfur 
Copper 
 Proteins 
 Ascorbate oxidase 
 Polyphenol oxidase 
 Cresolase 
 Tyrosinase 
 Plastocyanin 
 Cytochrome oxidase 
 Photosynthesis 
 Respiration 
 Hormonal regulation 
 Nitrogen fixation 
 Metabolism of 
secondary compounds 
Molibdenum 
 Nitrate reductase 
 Nitrogenase 
 Nitrate reduction 
 Nitrogen fixation 
 Protein synthesis 
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Table A-2: Continuation 
Cell function Element Structural and constituent Processes 
Redox reactions Zinc 
 Carbonic Anhydrase 
 Lactic dehydrogenase 
 Alcohol Dehydrogenase 
 Aldolase 
 Glutamic dehydrogenase 
 Pyruvate carboxylase 
 Ribonuclease 
 Respiration 
 Hormonal control 
 Protein synthesis 
Energetic reserve Boron 
 Dophenolic complexes 
 Carbohydrates 
 Sugars-P 
 ATPase from cell 
membranes 
 Nucleic acids and 
proteins synthesis 
  
B. Inorganic fertilizers 
 Nitrogen fertilizers 
Nitrogen (N) is one of the most important essential nutrients for crop production, since it is 
required for plant growth and development. In 2012 world N fertilizer demand was 109.9 
million tons, being Asia the major consumer of this nutrient with 63% of the total 
production, followed by America (19%), Europe (14%), Africa (3%) and Oceania (1%) 
[337]. It is the major component of all amino acids and proteins and many important 
biochemicals (e.g. nucleic acis, amides, amines, nucleotides, chlorophyll and coenzymes) 
[338]. Although the earth atmosphere is the largest N reservoir in the world (79% N by 
volume), in its diatomic form it is bound together by a triple bond and this form is not 
readily available for plant nutrition. As shown in Table A- 1 N is absorbed by plants in the 
form of    
     
 . N content in soils is not stable with denitrification, ammonia 
volatilization and nitrification being the principal causes of N losses [338]. 
 
Nitrogen fixation may occur through biological and chemical ways. A number of specific 
bacteria, most often associated with leguminous plants (i.e., ammonification) can carry 
out the nitrogen fixation, and then oxidized to inorganic forms (i.e., nitrification) that are 
assimilated by plants (NO3-) [339]. The chemical processes include lightning, industrial 
Haber–Bosch process, and combustion. Currently, approximately the 80% of the 
ammonia produced around the world is used to produce fertilizers, being the Haber–
Bosch process is the most used to obtain N fertilizers in form anhydrous ammonia, 
ammonium nitrate, and urea.  
Figure B-1a summarizes the N fertilizers obtain from ammonia. According to the 
International Fertilizer Industry Association (IFA) [340], urea is the most used N fertilizer 
source with about 57% of the world market (See  
Figure B-1b). 
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Figure B-1: Nitrogen fertilizers production from ammonia: a) possible products, b) 
Production share 
 
 
  
(a) (b) 
 
 
Figure B-2: Nitrogen fertilizers: a) Production share, b) Consumption share. (Source: 
IFA) 
  
(a) (b) 
 
World ammonia production by 2011 was approximately 163.2 million tons [5], while urea 
production reached 154.6 million tons (71.1 million tons of nutrients) [30]. According to 
IFA and FAO, N fertilizers production is concentrated in East, West and South Asia, being 
China the major producer in the region (See Figure B-2a). On the other hand, Figure B-2b 
summarizes the major consumers of these N fertilizers. 
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 Phosphate fertilizers 
In agriculture, phosphorus (P) is mostly important to young tissues, flowering and seed 
formation. It is especially in demand for cereal production, containing approximately 0.25-
0.45% P. It is commonly found in inorganic phosphate rocks, which is the major resource 
mined to produce phosphate fertilizers for the agricultural sector by striping mining 
techniques [341]. However, current systems used for mining are not efficient. For 
instance, approximately 15 MT of phosphorous are mined annually but just 3 MT are 
consumed by humans [342]. Approximately 82% of phosphorous available is destined to 
fertilizers production [5]. 
 
Figure B-3: Distribution of phosphate rock reserves [341]. 
 
 
The distribution of P phosphate rock reserves is shown in Figure B-3. Different studies 
have indicated that the earth phosphate rock reserves will be depleted in the next 50 to 
100 years with a peak in phosphorous production occurring in 2033-2034 [343-348]. 
 
Currently almost all the phosphate fertilizers are manufactured from naturally occurring 
phosphorus containing minerals. Organic phosphate sources such as bone meal and 
guano, among others are of minor commercial importance because of the higher cost per 
unit of nutrient, and because is potential phosphate supply represents only a small 
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fraction of the total amount required in world agriculture [348]. However, the phosphate 
content of phosphate rock, in the form of the mineral apatite, is not readily available for 
plants, thus the rock must be treated to convert the phosphate to water-soluble or plant-
available forms (See Figure B-4). 
 
Figure B-4: Methods for producing fertilizers from phosphate rock 
 
 
Figure B-5: Phosphorous fertilizers: a) Production share, b) Consumption share. 
(Source: IFA) 
  
(a) (b) 
 
According to FAO [337], by 2012 the worldwide phosphorous fertilizer demand (in form of 
P2O5) reached 41.5 million tons. Monoammonium and diammonium phosphates (MAP 
and DAP, respectively) are the most common form of P fertilizers used, consuming 67% 
of the world phosphoric acid production. Again, Asia was the major P fertilizer consumer 
(59.9%) followed by America (25.3%), Europe (9.2%), Oceania (3%) and Africa (2.6%). 
According to IFA, P fertilizers production is concentrated in China and United States (See 
Figure B-5a). On the other hand, Figure B-5b summarizes the major consumers of P 
fertilizers. 
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 Potash fertilizers 
Potash, essential for all the living beings, is the seventh most abundant element on earth, 
with an estimated reserve of 250 billion tons [349], and it is extensively distributed along 
the earth crust [350]. Potash world production is concentrated in 11 countries, being 
Canada the major producer (See Figure B-6a). On the other hand, the major K fertilizer 
consumer is China with the 22% of the global production (Figure B-6b). 
 
Figure B-6: Potash fertilizers: a) Production share, b) Consumption share. (Source: 
IFA) 
  
(a) (b) 
 
Although the total K content of soils frequently exceeds 20.000 ppm, almost all of this is in 
the structural component of soil minerals and is not available for plant growth. In soils 
three forms of K exist: unavailable, slowly available or fixed, readily available or 
exchangeable. Approximately 90-98% of the is in the unavailable form. Currently the most 
used K fertilizer is potassium chloride (89.35%), which is classified according to its 
potassium oxide content (See  
Figure B-7 and Table B-1). The different K fertilizers obtained from potash rock are 
summarized in Figure B-8. 
 
 
 
 
 
Table B-1: Potassium oxide content in different K commercial fertilizers 
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Fertilizer Chemical formula K2O content (%) 
Potassium chloride KCl 60 
Potassium-magnessium sulfate K2SO4 – 2 MgSO4 20 
Potassium nitrate KNO3 44 
Potassium sulfate K2SO4 50 
 
 
Figure B-7: Share of potash fertilizers production (IFA, 2009) 
 
 
Figure B-8: Different K fertilizers obtained from potash rock 
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C. Soil classification in Colombia 
 
Soils in Colombia are classified according to the Soil Classification System from the 
Agriculture Department of the United States (Soil Survey Staff (SSS), 1999). In this 
system 12 orders or classes are considered, establishing the evolution relative degree of 
the soil and relating it with the fertility degree, i.e. soils with a higher evolution degree are 
associated with lower fertility level [351]. These 12 soil classes are: Alfisol, Andisol, 
Aridisol, Entisol, Espodosol, Gelisol, Histosol, Inceptisol, Mollisol, Oxisol, Ultisol 
and Vertisol. The evolution relative degree and its fetility level are summarized in Figure 
C-1 and Figure C-2. 
 
Figure C-1: Evolution degree of soils (Adapted from [351]) 
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Figure C-2: Fertility level by taxonomic order (Adapted from [351]) 
 
Figure C-3: Taxonomic classification in Colombia [351] 
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In this way, according to the Soil Survey Staff, the taxonomic classification in Colombia is 
presented in Figure C-3. In Colombia the 31.4% corresponds to Inceptisol order, followed 
by entisol (24.3%), oxisol (10.1%), andisol (4.5%), espodosol (0,9%), alfisol (0.8%), 
vertisol (0.6%), histosol (0.5%) y aridisol (0.4%) [351]. 
 
On the other hand, the fertility levels in Colombia are presented in Figure C-4. 
According to this map, most of the soils in Colombia present very low fertility, due 
to acidity, low content of nutrients such as P, K, Ca, Mg, N and S. 
 
Figure C-4: Fertility of soils in Colombia [351] 
  
D. Main agroindustrial wastes in 
Colombia 
Table D-1: Main agroindustrial wastes in Colombia 
Agroindustrial Waste 
Crop production 
(tons/year) 
Agroindustrial 
Wastes (tons/year) 
References 
Others harvest cane wastes 38.500.000 11.573.235 [352, 353] 
Sugarcane Bagasse 22.728.758 6.136.765 [39, 50, 352, 353] 
Cachaza Cane 22.728.758 1.508.534 [354] 
Oil palm pulp 3.100.000 1.488.000 
[41, 42, 90, 355, 
356] 
Corncob 1.536.290 1.075.403 [50, 357] 
Other palm raceme wastes 
(EFB included) 
3.100.000 837.000 
[41, 42, 50, 90, 
355, 356, 358] 
Rice husks 2.412.220 451.085 [50, 359] 
Plantain peel 2.724.888 416.908 [50, 360-362] 
Barley harvest wastes (husk 
and straw) 
256.296 384.444 [357] 
Rejection Bananas 2.034.340 364.420 [361] 
cassava peel 2.363.530 354.530 [363, 364] 
malt wastes 333.798 316.667 [357] 
Banana Stem 2.034.340 226.037 [50, 361] 
Coffee Pulp 514.128 216.962 [99, 365] 
Kidney Beans wastes 132.000 180.000 [366] 
Orange peels, seeds and 
bagasse 
322.989 161.495 
[354, 360, 367-
369] 
Pineapple peel 397.824 149.184 [50, 354, 368, 370] 
Wood Bark 660.331 99.050 [50, 371] 
Papaya peel and seed 262.914 93.710 [368] 
Pineapple leaf 397.824 79.565 [368, 370, 372] 
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Table D-1: Continuation 
Agroindustrial Waste 
Crop production 
(tons/year) 
Agroindustrial 
Wastes (tons/year) 
References 
Coffee Husks 558.540 71.493 [99, 365] 
Mandarin wastes, seeds and 
peel 
123.641 68.003 [369, 373] 
Peel, seeds and whole 
Mango 
243.375 65.711 [50, 368, 374, 375] 
Guava peel and seed 440.102 59.854 [368, 376, 377] 
blackberry seeds 86.176 56.014 [378-380] 
Passionfruit peel 81.089 42.166 [368, 381, 382] 
Sawdust 660.331 33.017 
[50, 361, 380, 383-
385] 
huks, seeds and leaves of 
cotton 
15.000 30.000 [386] 
Coconut fiber 93.206 27.962 [383] 
Cocoa pulp 39.534 13.178 [386, 387] 
Tamarillo peel 130.211 11.719 
[368, 380, 388, 
389] 
wheat straw 15.780 7.890 [372] 
Cocoa seed hulls 39.534 3.953 [386, 390] 
Sisal wastes 18.935 3.408 [353, 391-393] 
Soursop peel and seed 13.029 2.840 [394] 
Goldenberry calyx 8.211 821 
[368, 385, 388, 
395-397] 
  
E. C/N ratio for different substrates 
Table E-1: C/N ratio for different substrates used as feedstock for anaerobic digestion 
Substrate C/N ratio Reference 
Cardboard 350 [185] 
Cellulose powered 175 [185] 
Chicken manure 
22 
3-10 
[156] 
[398] 
Citrus waste 24 [185] 
Corn silage 10 [185] 
Corn straw 60-120 [185] 
Cow manure 
20-35 
6-24 
[156, 185] 
[398] 
Digested sludge 9-16 [185] 
Food waste 15-32 [398] 
Fruit waste 7-50 [185, 398] 
Garden wastes 100-150 [398] 
Goat manure 12 [398] 
Grain straw 20-40 [399] 
Grass 12-26 [398] 
Grass silage 9-26 [156, 185, 398] 
Household wastes 18 [398] 
Horse manure 13 [156] 
Leaves 30-80 [398] 
Maize straw 60 [398] 
Mixed grass 37.13 [400] 
Organic fraction from MSW 9-12 [185] 
Paper shredded 173-175 [185, 398] 
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Table E-1: Continuation 
Substrate C/N ratio Reference 
Pig manure 
10-20 
3-18 
[156, 185, 399] 
[398] 
Pineapple waste 21 [185] 
Protein (pure) 2.5-3.2 [399] 
Restaurant waste 14-38 [185] 
Rice husk 47 [156] 
Rape oil cake 8-10 [399] 
Rape straw 41 [399] 
Sawmills waste 511 [398] 
Sewage sludge 6-8 [185, 398] 
Sheep manure 
25 
19 
[156] 
[398] 
Sorghum 100.85 [400] 
Sugarcane bagasse 
100 
53 
[185] 
[156] 
Sulflower oil cake 12-13 [399] 
Sunflower straw 15-35 [399] 
Sweet potato 25 [185] 
Water hyacinth 25 [398] 
Wood 60-400 [399] 
Wood shavings 511 [398] 
Wood wastes 723 [398] 
  
F. Reactor configurations for AD 
 Floating dome digesters 
The floating dome reactor also called KVIC (Khadi and Village Industries Commission), 
consists of the digester and the gas holder. The design includes a movable inverted drum 
placed on a well-shaped digester. An inverted steel drum that acts as a storage tank is 
placed on the digester, which can move up and down as biogas is produced. The weight 
of this inverted drum applies the pressure needed for the gas flow through the pipeline for 
use [401]. Since never extensive pressure buildup safety valve is not required as the 
dome is free to rise under pressure [176]. 
 
Floating drum digesters produce biogas at a constant pressure with variable volume. 
From the position of the drum, the amount of biogas accumulated under the drum is easily 
detectable. However, the floating drum needs to be coated with paint in a constant 
interval to avoid rust. Additionally, fibrous materials will block the movement of digester. 
Hence, their accumulation should be avoided if possible. In Thailand, the floating dome 
has been modified with two cement jars on either side of the floating drum. The average 
size of these digesters is around 1.2 m3. For a small-medium size farms the size varies 
from around 5–15 m3 [401] but may be as large as 100 m3 [159, 176]. When the reactor 
diameter is greater than 1.5 m, a vertical partition wall should be installed in the middle to 
both prevent short-circuiting and encourage complete digestion. Typically slurry with 
approximately 9% of total solids content is processed with an HRT of 40-55 days. 
 
 Fixed dome digesters 
The fixed dome digesters consist of the digester and the gas holder are the most common 
model developed and used mainly in China for biogas production. The digester is filled 
through the inlet pipe until the level reaches the bottom level of the expansion chamber. 
The produced biogas is accumulated at the upper part of the digester (holder). The 
difference in the level between slurry inside of the digester and the expansion chamber 
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creates a gas pressure. The collected gas requires space and presses a part of the 
substrate into an expansion chamber. The slurry flows back into the digester immediately 
after gas is released [401]. On a volumetric flow basis fixed-dome reactors are cheaper 
than floating-dome reactors [176]. 
 
Fixed dome digesters are usually built underground. The feed slurry in fixed-dome 
reactors typically has solids contents of between 4% and 8%. The most common reactor 
size and HRT is 2 m3 and 50 to 66 days, respectively [159, 176]. Although, the size of the 
digester depends on the location, number of households, and the amount of substrate 
available every day. For instance, the size of these digesters can typically vary between 4 
and 20 m3 in Nepal, between 6 and 10 m3 in China, between 1 and 150 m3 in India and in 
Nigeria it is around 6 m3 for a family of 9 [401]. 
 
 Balloon digester 
The balloon digester is mainly used in China because of its simplicity and wide range of 
feeds that can be processed [402]. These digesters are constructed from an inflatable 
rubber or plastic, such that the upper portion inflates as it collects biogas. The advantages 
of the balloon digesters are its low-cost, ease of transport, constructing, reaching 
temperature, emptying, cleaning and maintenance. However, they have a short 
life (usually 5 years), they are easily damaged and there is limited potential for repairs 
once damage occurs [159, 176] and a limited amount of biogas can be storage [402]. 
 
 Covered lagoon 
The covered lagoon consists of an anaerobic pond enclosed by an impermeable cover. It 
is mostly used to digest liquid manure with less than 2% of solids content. It is not efficient 
at cold temperatures, since the methane production rate depends on the environment 
temperature, making biogas production seasonal [403]. The covered lagoons are less 
expensive than other digesters and are effective to reduce odors, although they require 
large land areas and have poor process control. Due to the slow rate of biogas 
production, covered lagoons have long residence times and large volumes [159, 176]. 
 
 Plug flow digesters 
Plug flow digesters have a constant volume, but produce biogas at a variable pressure. 
The size of such digesters varies from 2.4 to 7.5 m3. Plug-flow digesters consist of a 
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narrow and long tank with, an average length to width ratio of 5:1. The inlet and outlet of 
the digester are located at opposite ends, kept above ground, while the remaining parts of 
the digester is buried in the ground in an inclined position. As the fresh substrate is added 
from the inlet, the digestate flows towards the outlet at the other end of the tank. The 
inclined position makes it possible to separate acidogenesis and methanogenesis 
longitudinally, thus producing a two-phase system [401]. Although the optimal digestion in 
plug-flow reactors is reached at thermophilic conditions, they can be also operated at 
mesophilic temperatures [176]. Under thermophilic conditions the HRT is usually of 15 to 
20 days. In order to avoid day-night process temperature, a gable or shed roof is placed 
on top of the digester to cover it, which acts as an insulation both during day and night 
[401]. The optimal solids concentration of the feed is in the range of 11% to 14% [159]. 
 
 Fixed film digesters 
A fixed-film or fixed-bed reactor (FBR) is a column packed with media, e.g. wood chips, 
on which anaerobic biomass can grow and remain viable while contact with the substrate 
flow through it [176, 403]. This enables the retention of microorganisms as the substrate 
is fed to the digester, allowing high conversion efficiencies and HRTs less than 5 days 
and, consequently, small digester volumes [403]. Either upflow or downflow configuration 
can be used when constructing this type of digesters. Effluent is typically recycled to 
maintain a constant flow. The solids loading should range 1 to 5%. FBR’s are typically 
constructed in tanks with gas collected in the same vessel. Since solids tend to settle in 
the bottom of the tank, the digester design should allow solids removal without disrupting 
the anaerobic process [403]. 
 
 Induced blanket reactors 
The upflow anaerobic sludge blanket (UASB) digesters and the induced blanket reactors 
(IBR) are two types of suspended media bioreactors. In suspended media reactors, the 
digestion relies on the feedstock particles, or granules derived from it, to provide 
attachment surfaces to the microorganisms [176]. In UASB and IBR systems, the treated 
waste is fed at the bottom of the reactor. Then the wastewater flows through the sludge 
blanked composed by the microorganisms. The biogas produced causes internal 
circulation assisting the formation and maintenance of the biological granules. Some of 
the biogas produced becomes attached to the granules. The free biogas and particles 
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with attached biogas rise to the top of the reactor. The attached gas bubbles are released 
when particles reaching the surface strike the bottom of the degassing baffles while the 
degassed particles drop back to the surface of the sludge blanket. The released biogas is 
captured in gas collection domes located in the top of the reactor [404, 405]. The 
difference between these two digesters is that UASB operates better at solid 
concentration below 3% while IBR operates most efficiently at solids concentration 
between 6-12%. 
 
 Anaerobic sequencing batch reactors 
The anaerobic sequencing batch reactors (ASBR) consist of a set of anaerobic reactors 
operated in batch mode using a cycle of four phases (fill, react, settle and decant) that is 
repeated up to four times per day until reaching constant gas production [175, 176]. This 
configuration operates most efficiently with less than 1% of total solids [176]. 
 
 Continuously Stirred Tank Reactor (CSTR) 
The CSTR is the most common and easy to operate biodigestor for treating wastewater 
with high solid concentration and COD values higher than 30.000 mg/L [405, 406]. 
Usually the CSTR volumes ranges between 500 to 700 m3 with an OLR rate ranging from 
1-4 kg organic dry matter per m3 per day [406]. The CSTR digester is mostly used to 
stabilize the sludge by converting the biodegradable fractions into biogas [121]. It is 
usually operated at high temperatures, to increase the process rates. CSTR digestion 
units are designed in big volumes that make perfect mixing difficult. Mixing is done either 
mechanically or by recycling the biogas produced. Therefore, the mixing efficiency is an 
important factor in modelling the solids transport in the reactor and evaluation of the 
Solids Retention Time (SRT). 
 
 Anaerobic contact reactor (ACR) 
The ACR is an improvement of the CSTR, because of its superior retention of microbes. 
The anaerobic bacteria from the effluent stream are separated and recycled to the 
digester. A tank with activated sedimented sludge is used to filter the effluent. Then the 
sedimented sludge and the bacterial flocculent are recycled and mixed with the influent 
[159], allowing the efficiently treatment of medium-strength wastewater (200-20.000 mg/L 
COD) at OLRs between 1-6 kg per m3 per day and COD removal of 80-95% [406]. In this 
configuration, the SRT is enhanced as the HRT is lowered form the conventional 20-30 
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days to a maximum of 1 day [176, 406]. The performance of this biodigestor depends on 
the microbe efficiency and solids sedimentation. 
 
 Upflow anaerobic filter (UAF) 
In an UAF the influent is fed by either at the bottom or the top of the reactor [406] and 
goes through a packed column filled with inert support material, such as stone, plastic, 
ceramic of fired clay [176, 405]. When the influent is fed, an active biofilm with high 
microbial activity is gradually formed on the support material surfaces avoiding the 
separation and recycling of the microorganisms [405]. These digesters are most efficient 
treating dilute soluble wastes and wastes with easily degradable suspended material 
[176]. Influents with OLRs ranging from 1-15 kg per m3 per day COD can be digested, 
achieving removal efficiencies of 75-95% with HRTs of 0.2 to 3 days [406]. These 
digesters are restricted to influents with COD between 1.000 to 10.000 mg/L. 
 
 Downflow stationary fixed film (DFSFF) 
The DFSFF is mainly used for the digestion of medium concentrated organic effluents 
[159, 403]. In the DFSFF, the influent is fed from the top of the reactor and goes through a 
solid packing material in downflow operating mode [159, 176]. This downflow operating 
mode allows the dispertion of the waste because of the upwards flow of the gas 
produced. 
 
 Upflow anaerobic sludge blanket (UASB) 
The UASB is the most used technology for wastewater treatment worldwide [159, 176, 
405]. In an UASB the packing material is replaced by a gas collection device. These 
biodigesters operate in upflow mode, feeding the influent at the bottom, going through a 
dense sludge bed with high microbial activity and a gas-liquid-solid separation device 
[176, 405]. This separator device allows to separate the liquid effluent, that flows out from 
the reactor, from the solid sludge, that remains in de digester, while the biogas is 
collected [176]. The process is based on the natural immobilitation of the anaerobic 
bacteria, forming 1-4 nm of diameter dense granules [405, 406]. Materials with very high 
COD loading rates (30 kg per m3 per day) can be digested using this technology, reaching 
an adequate treatment at low HRTs (even 4 hours) [406]. Generally, a removal efficiency 
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of 85-95% of the COD of the inlet material and a methane content in the biogas produced 
of 80-95% have been reported for this type of digestion [405, 406]. 
 
 Fluidized bed/expanded bed 
In the expanded bed and/or fluidized-bed digesters the influent passes upwards through a 
bed of inert suspended media where the bacteria are attached. The suspended media, 
that may include plastic granules, sand particles, glass beads, clay particles, and 
activated charcoal fragments, is kept in suspension by powerful recirculation of the liquid 
phase [406]. The expansion (10-15%) or fluidization (15%-25%) of the bed is determined 
by the liquid flow rate [176]. This digestion process is used to treat influents with OLRs of 
1–20 kg per m3 per day and COD removal efficiencies of 80–87% at 20 to 35°C treatment 
temperatures can be obtained [406]. 
 
 Upflow sludge-bed filters (UBF) 
In the UBF both biomass retention (characteristic of UAF) and contact between the 
biomass and the substrate (characteristic of UASB) are improved. This is an upflow 
reactor with higher efficiency than UAF or UASB [176] consisting of two vertical 
compartments whit UAF operating mode in the upper section that usually corresponds to 
the third part of the digester, and the lower part operating as a UASB. The UAF section 
retains biomass and acts as solid-liquid-gas separator as well. 
 
  
G. Pretreatment of lignocellulosic 
biomass for AD 
Table G-1: Physical pretreatment of lignocellulosic biomass for anaerobic digestion 
Pretreatment Feedstock 
Increment of 
methane yield 
Reference 
Mechanical 
Cow and pig manure, maize 
stillage, industrial by-products, 
wheat straw, rice straw, oat, 
clover, bagasse, barley straw, 
coconut fiber, hemp, banana 
peelings, cauliflower leaves, and 
digested biofibers, forest residues, 
grass, MWS 
8-30% [185-188] 
Steam 
explosion 
Cow and pig manure, maize 
stillage, industrial by-products, 
autumn harvested hemp, rape 
straw, corn stalks/straw, seaweed, 
bulrush, wheat straw, hardwood, 
softwood, MWS 
6-80% 
[161, 163, 170, 
186, 187, 192, 
407, 408] 
Catalyzed 
steam 
explosion 
Digested biofiber, hemp, wheat 
straw MSW 
18-107% [186] 
Irradiation 
wheat straw, barley straw, spring 
wheat, winter wheat, oat straw, 
and rice stalks, grass, MWS 
4-28% [186, 187]  
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Table G-1: Continuation 
Pretreatment Feedstock 
Increment of 
methane yield 
Reference 
Liquid hot water 
Greenhouse residues, wheat 
Straw, oil palm empty fruit 
bunches, rice straw, Wheat straw, 
rice straw, oil palm empty fruit 
bunches (OPEFB), sunflower 
stalks, and sugarcane bagasse, 
grass, MWS 
7-222% 
[161, 170, 186, 
188, 409] 
 
Table G-2: Chemical pretreatment of lignocellulosic biomass for anaerobic digestion 
Pretreatment Feedstock 
Increment of 
methane yield 
Reference 
Alkaline 
Cow and pig manure, maize 
stillage, industrial by-products, rice 
straw, corn stover, wheat straw, 
hardwood, switchgrass, pine tree 
wastes, softwood, sugar beet, 
leaves, ensiled hay, sugarcane 
bagasse, rapeseed, sunflower 
stalks, grape pomace, oil palm 
empty fruit bunches, fallen leaves, 
hardwood, switchgrass, smooth 
cordgrass and jose tall 
wheatgrass, municipal solid 
wastes, paper pulp/sludge 
30-224% 
[161, 186, 187, 
192, 193, 409-
413] 
Wet oxidation 
wheat straw, digested biowaste, 
corn stalks, winter rye straw, 
oilseed rape straw, and faba bean 
Straw, hardwood, grass, MWS 
34-136% 
[161, 186, 192, 
193] 
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Table G-2: Continuation 
Pretreatment Feedstock 
Increment of 
methane yield 
Reference 
Oxidative 
pretreatment 
rice straw and sunflower stalks, 
sorghum, MWS, grass 
33-120% [186] 
Dilute acid 
Sunflower stalks, sunflower oil 
cake, herbal-extraction residue, 
sugarcane bagasse, sunflower oil 
cakes, greenhouse residues, 
sugarcane bagasse, herbal-
extraction process residue (HPR), 
sunflower stalks, coconut fiber, oil 
palm empty fruit bunches, 
rapeseed, sunflower meals, 
straws, bracken, hay 
20-200% 
[161, 186, 193, 
414-417] 
 
Table G-3: Biological pretreatment of lignocellulosic biomass for anaerobic digestion 
Pretreatment Feedstock 
Increment of 
methane yield 
Reference 
Fungal 
pretreatment 
Cow and pig manure, maize 
stillage, industrial by-products, 
sweet chestnut leaves/hay and 
sisal leaf decortications residue, 
hardwood 
15-1000% 
[161, 170, 186, 
418, 419] 
Microbial 
consortium 
corn straw, corn stalks, cotton 
stalks, cassava residues, and 
manure biofibers 
25-97% [186] 
Enzymatic 
pretreatment 
Cow and pig manure, maize 
stillage, industrial by-products , 
Sugar beet pulp, spent hops, and 
manure biofibers, MWS, grass 
20%-200% 
[161, 186, 417, 
420, 421] 
  
H. Natural substrates in SSF 
Table H-1: Natural solid substrates used in SSF [209, 422-431]. 
Group Substrate Advantages 
Starchy 
substrates 
Rice, barley, oats, cassava, wheat 
bran, cassava meal, corn meal, 
okara, sweet potato, residues, 
banana peel 
Rich in carbohydrates (carbon source), 
that are hydrolyzed to produce simple 
sugars that can be consumed by 
microorganisms 
Substrates with 
protein 
Pumpkin oil cake (63.52%), 
soybean oil cake (51.8%), 
groundnut oil cake (45.6%), 
safflower oil cake (44.0%), 
rapeseed meal oil cake (42.8%), 
cottonseed oil cake (41.0%), 
mustard oil cake (38.5%), sesame 
oil cake (35.6%), sunflower oil 
cake (34.1%) and canola oil cake 
(33.9%), linseed oil cake (32-
36%), coconut oil cake (25.2%), 
copra oil cake (23.11%) and palm 
kernel oil cake (20.4%) and olive 
oil cake (4.77%) 
Rich in proteins (nitrogen source) and 
supported by other nutrients such as 
carbohydrates and minerals, offer a 
wide range of alternative substrates in 
SSF for the production of various 
enzymes, a wide spectrum of secondary 
metabolites, biomass, organic acids and 
biofertilizers among other products. 
Lignocellulosic 
substrates 
Sugarcane bagasse, soybean 
hulls, wheat bran, rice hulls, rice 
stover, corn cob, barley husk, 
sugar beet pulp, wheat straw, 
barley straw and wood. 
Cellulolytic fungi such as T. reseei, T. 
longibrachiatum, T. viride, A. niger, C. 
cellulolyticum, Rhizopus sp., and 
ligninolytic fungi such as white-rot fungi 
are able to degrade complex cellulose 
and lignocellulose to produce simple 
sugars.  
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Table H-1: Continuation 
Group Substrate Advantages 
Substrates with 
soluble solids 
molasses, grape pomace, apple 
pomace, kiwi pomace, lemon peel, 
lemon pulp, peach pomace, 
pineapple waste, sweet sorghum, 
fodder and sugar beets, sugar 
beet pulp, carob pods, and coffee 
pulp 
Containing significant amount of soluble 
sugars 
  
I. Kinetic expressions used for 
simulation procedure 
Table I- 1: Gibberellic acid production through SSF 
Kinetic model Parameters 
Biomass growth 
XKX
dt
dX
d  
 
Urea and nitrogen consumption 
N
XY
X
k47.0
dt
dN
k
dt
dU


 
 
Substrate consumption 
Xm
Y
X
dt
dS
s
S
X


  
 
CO2 production and O2 consumption 
Xm
Y
X
dt
dO
Xm
Y
X
dt
dCO
2
2
2
2
O
O
X
2
CO
CO
X
2


 
 
Gibberellic acid production 
3P
3 GAKX
dt
dGA
  
Where 
NK1
kN
N
i
etam
n
max






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Table I-2: Kinetic model for the enzymatic hydrolysis step  
Kinetic model Parameters 
Cellulose to Cellobiose: 
IXy1
Xy
IG1
G
2IG1
G
SSEr1
1
K
C
K
C
K
C
1
CRCk
r
2
E1

  
 
Cellulose to glucose 
 
 
IXy2
Xy
IG2
G
2IG2
G
SSEEr2
1
K
C
K
C
K
C
1
CRCCk
r
2
E2E1


  
 
Cellobiose to Glucose 
2
2F2
G
IXy3
Xy
IG3
G
M3
GEr3
1
C
K
C
K
C
1K
CCk
r










  
 
Enzyme adsorption 
iF
iF
iB
Eiad
SEiadmaxi
E
CK1
CCKE
C

  
 
Enzyme 
iBiFiT EEE
CCC   
 
Substrate Reactivity 
0SS S/CR   
 
Temperature dependence 
  






RT
E
expkk aiTirir 1  
             
       
             
       
              
       
                
   
                
   
                
   
               
   
            
   
             
   
               
   
             
   
             
   
            
   
             
   
            
   
              
   
              
   
            
   
            
   
Where: 
2G
C  is cellobiose concentration, GC  is glucose concentration, XyC  is xylose 
concentration, SC  is cellulose concentration 
 
 
 
Annex J: Kinetic expressions used for simulation procedure  253 
 
 
Table J-3: Kinetic expressions for acid hydrolysis 
Kinetic model Parameters Reference 
Cellulose to Glucose 








TR
E
Ckr
an
acid
1,
1,01 exp
1  
 
Glucose to Hydroxymethylfurfural 








TR
E
expCkr
2,an
acid2,02
2  
               
               
                 
   
                
   
       
       
[237] 
Where: Cacid is acid concentration in weight percentage 
 
Table J- 4: Kinetic model used for ethanol fermentation process [240] 
Kinetic model Parameters 
Glucose consumption 
X
SK
K
PP
PP
1
SK
S
q
dt
dS
1iS
iS
iSmS
iS
1SS
1
S
1
1
1
11
1
1
1max 



























  
 
Xylose consumption 
  X
SK
K
PP
PP
1
SK
S
q1
dt
dS
2iS
iS
iSmS
iS
2SS
2
S
2
2
2
22
2
2
2max 



























  
 
Ethanol Production 
 
X
SK
K
PP
PP
1
SK
S
q1
SK
K
PP
PP
1
SK
S
q
dt
dP
2iP
iP
iPmP
iP
2SP
2
P
1iP
iP
iPmP
iP
1SS
1
P
2
2
22
2
2
2max
1
1
11
1
1
1max











































































  
 
Biomass growth 
 
X
SK
K
PP
PC
1
SK
S
1
SK
K
PP
PP
1
SK
S
dt
dX
2iX
iX
iXmX
iXP
2SX
2
2max
1iX
iX
iXmX
iX
1SX
1
1max
2
2
22
2
2
1
1
11
1
1











































































  
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Table J-5: Kinetic model used for xilitol production [242] 
Kinetic model Parameters 
Biomass growth 
X
dt
dX
  
 
Glucose consumption 
X
K
S
1KS
S
q
dt
dS
2i
2
1S1
1max
1
1





















  
Xylose consumption 
X
K
S
1KS
S
q
dt
dS
1i
1
2S2
2max
2
2





















  
 
Intracellular xylitol 
  intPuPfPX
in
Prrr
dt
dP
  
 
Extracellular xylitol 
Xr
dt
dP
tP
ex
  
 
Where 
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P
X
P
uP
i
S
P
fP
Y
r
K
S
KS
S
MW
MW
qr


























1
1
22
2
2
max
2
1
 
 
 
  
References 
 
1. Food and Agriculture Organization of the United Nations, World Agriculture 
Towards 2030/2050: The 2012 revision. 2012. 
2. Food and Agriculture Organization of the United Nations and International 
Fertilizer Agency, Los Fertilizantes y su Uso. 2002. Cuarta edición. 
3. Rasool, R., S.S. Kukal, and G.S. Hira, Soil physical fertility and crop 
performance as affected by long term application of FYM and inorganic 
fertilizers in rice–wheat system. Soil and Tillage Research, 2007. 96(1–2): 
p. 64-72. 
4. Food and Agriculture Organization of the United Nations, Current World 
Fertilizer Trends and Outlook to 2011/12. 2008. 
5. Food and Agriculture Organization of the United Nations, Current World 
Fertilizer Trends and Outlook to 2015. 2011. 
6. Chirinda, N., et al., Soil properties, crop production and greenhouse gas 
emissions from organic and inorganic fertilizer-based arable cropping 
systems. Agriculture, Ecosystems & Environment, 2010. 139(4): p. 584-
594. 
7. Consejo Nacional de Política Económica y Social, Política Nacional para la 
Nacionalización del Componente de Costos de Producción Asociado a los 
Fertilizantes en el Sector Agropecuario, in Documento Conpes 35772009. 
8. Suárez, A. Colombia, Campeón Mundial en Precio de Fertilizantes. El 
Espectador, 2013. 
9. Jacobs, D.F. and T.D. Landis, Plant nutrition and fertilization, in Tropical 
Nursery Manual, K.M. Wilkinson, et al., Editors. 2014, United Stated 
Department of Agriculture. 
10. Navarro, S. and G. Navarro, Química Agrícola: El Suelo y los Elementos 
Químicos Esenciales para la Vida Vegetal. Multi-Prensa Libros S.A., 2003. 
Segunda edición. 
11. Mauseth, J.D., Botany an Introduction to Plan Biology. Jones and Bartlett 
Publishers, Inc., 2003. Third edition. 
12. Hernández, V., et al., Techno-economic and environmental assessment of 
an olive stone based biorefinery. Resources, Conservation and Recycling, 
2014. 92(0): p. 145-150. 
13. Manahan, S., Introducción a la química ambiental. Reverté Ediciones, S.A. 
de C.V., 2007. Primera edición. 
14. CORPOICA, Tecnología para el cultivo del aguacate. 2008. 
References 257 
 
15. United States Department of Agriculture, Role of plants in Waste 
Management, in Agricultural Waste Management Field Handbook, Natural 
Resources Conservation Service. 
16. Kalra, Y.P., Handbook of Reference Methods for Plant Analysis. Taylor & 
Francis, 1998. 
17. Stevens, G., et al., Integrated Pest Management. Crop Nutrient 
Deficiencies and Toxicities. Plant Protection Programs. College of 
Agriculture, Food and Natural Resources. MU ExtensionUniversity of 
Missouri-Columbia, 2002. 
18. Salazar-García, S., Nutrición del Aguacate, Principios y Aplicaciones. . 
Instituto Nacional de Investigaciones Forestales, Agrícolas y Pecuarias 
(INIFAP) en asociación con el Instituto de la Potasa y el Fósforo 
(INPOFOS), Querétaro, México., 2002: p. 165. 
19. Agriculture and land-based training association, Soil Fertility and irrigation 
management, in Farmer Education Program Resource Guide2012, 
Agriculture and Land-Based Training Association. 
20. Zingore, S., et al., 4R Plant Nutrient Management in African Agriculture in 
An extension handbook for fertilizer management in smallholder farming 
systems2014, International Plant Nutrition Institute. 
21. Tan, Z.X., R. Lal, and K.D. Wiebe, Global soil nutrient depletion and yield 
reduction. Journal of sustainable agriculture, 2005. 26(1): p. 124-146. 
22. Yerima, B.P.K. and E. Van Ranst, Introduction to Soil Science: Soils of the 
Tropics2005: Trafford Publishing. 
23. Ngetich, F.K., et al., The Potential of Organic and Inorganic Nutrient 
Sources in Sub-Saharan African Crop Farming Systems, in Soil Fertility 
Improvement and Integrated Nutrient Management-A Global Perspective, J. 
Whalen, Editor 2012, InTech. 
24. International Plant Nutrition Institute and International Fertilizer Industry 
Association, The Role of Plant Nutrition in Supporting Food Security, in 
Fertilizing Crops to Improve Human Health: A Scientific Review, T.W. 
Bruulsema, et al., Editors. 2012, IPNI/IFA. 
25. Roy, R.N., et al., Plant nutrition for food security. A guide for integrated 
nutrient management, in FAO Fertilizers and Plant Nutrition2006, Food and 
Agrigulture Organization of the United Nations. 
26. Environmental Protection Agency, Available and Emerging Technologies 
for Reducing Greenhouse Gas Emissions from the Nitric Acid Production 
Industry, 2010, U.S. Environmental Protection Agency. 
27. Food and Agriculture Organization of the United Nations. How to improve 
soil biodiversity through agriculture. 2015; Available from: 
http://www.fao.org/agriculture/crops/core-themes/theme/spi/soil-
biodiversity/agriculture-and-soil-biodiversity/en/. 
28. Peters, J. and S. Thielmann, Promoting biofuels: Implications for 
developing countries. Energy Policy, 2008. 36(4): p. 1538-1544. 
29. Departamento de Estudios Económicos de la Sociedad de Agricultores de 
Colombia, Incidencia de Algunos Rubros dentro de los Costos de 
Producción Agrícola Revista Nacional de Agricultura, 2006. 947. 
258 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
30. Sánchez, D., et al., Estudio sobre fertilizantes en Colombia, in Estudios 
Económicos Sectoriales2013, Superintendencia de Industria y Comercio. 
31. UPME and COLCIENCIAS, Ahorro de Energía en la Industria de 
Amoniaco. 
32. European Fertilizers Manufacturers Association, Production of Ammonia, in 
Best Available Techniques for Pollution Prevention and Control in the 
European Fertilizer Industry2000. 
33. Piarpuzán, D., J.A. Quintero, and C.A. Cardona, Empty fruit bunches from 
oil palm as a potential raw material for fuel ethanol production. Biomass 
and Bioenergy, 2011. 35(3): p. 1130-1137. 
34. Quintero, J.A., J. Moncada, and C.A. Cardona, Techno-economic analysis 
of bioethanol production from lignocellulosic residues in Colombia: A 
process simulation approach. Bioresource Technology, 2013. 139(0): p. 
300-307. 
35. Tsai, S.-H., C.-P. Liu, and S.-S. Yang, Microbial conversion of food wastes 
for biofertilizer production with thermophilic lipolytic microbes. Renewable 
Energy, 2007. 32(6): p. 904-915. 
36. Gousterova, A., et al., Development of a biotechnological procedure for 
treatment of animal wastes to obtain inexpensive biofertilizer. World Journal 
of Microbiology and Biotechnology, 2008. 24(11): p. 2647-2652. 
37. Dávila, J.A., et al., Economic and environmental assessment of syrup 
production. Colombian case. Bioresource Technology, 2014. 161(0): p. 84-
90. 
38. Moncada, J., L.G. Matallana, and C.A. Cardona, Selection of Process 
Pathways for Biorefinery Design Using Optimization Tools: A Colombian 
Case for Conversion of Sugarcane Bagasse to Ethanol, Poly-3-
hydroxybutyrate (PHB), and Energy. Industrial and Engineering Chemistry 
Research, 2013. 52: p. 4132-4145. 
39. Moncada, J., M.M. El-Halwagi, and C.A. Cardona, Techno-economic 
analysis for a sugarcane biorefinery: Colombian case. Bioresource 
Technology, 2013. 135(0): p. 533-543. 
40. Mussatto, S.I., et al., Techno-economic analysis for brewer’s spent grains 
use on a biorefinery concept: The Brazilian case. Bioresource Technology, 
2013. 148(0): p. 302-310. 
41. Rincón, L.E., V. Hernández, and C.A. Cardona, Analysis of technological 
schemes for the efficient production of added-value products from 
Colombian oleochemical feedstocks. Process Biochemistry, 2014. 49(3): p. 
474-489. 
42. Rincón, L.E., et al., Optimization of the Colombian biodiesel supply chain 
from oil palm crop based on techno-economical and environmental criteria. 
Energy Economics, 2015. 47(0): p. 154-167. 
43. Naranjo, J.M., C.A. Cardona, and J.C. Higuita, Use of residual banana for 
polyhydroxybutyrate (PHB) production: Case of study in an integrated 
biorefinery. Waste Management, 2014. 34(12): p. 2634-2640. 
References 259 
 
44. Naranjo, J.M., et al., Valorization of glycerol through the production of 
biopolymers: The PHB case using Bacillus megaterium. Bioresource 
Technology, 2013. 133(0): p. 38-44. 
45. Cerón, I.X., V. Hernández, and C.A. Cardona, Biorefinery Design for Value 
Added Products from Amazon Fruits, in 2nd Iberoamerican Congress on 
Biorefineries2013: Jaen, Spain 
46. Cerón, I.X., J.C. Higuita, and C.A. Cardona, Design and analysis of 
antioxidant compounds from Andes Berry fruits (Rubus glaucus Benth) 
using an enhanced-fluidity liquid extraction process with CO2 and ethanol. 
The Journal of Supercritical Fluids, 2012. 62(0): p. 96-101. 
47. Cerón, I.X., et al., Process synthesis for antioxidant polyphenolic 
compounds production from Matisia cordata Bonpl. (zapote) pulp. Journal 
of Food Engineering, 2014. 134(0): p. 5-15. 
48. Cerón, I.X. and C.A. Cardona, Evaluación del proceso integral para la 
obtención de aceite esencial y pectina a partir de cáscara de naranja. 
Ingeniería y ciencia, 2011. 7(13): p. 65-86. 
49. Duque, S.H. and C.A. Cardona, Plantain and banana fruit as raw material 
for glucose production. Journal of Biotechnology, 2014. 185, 
Supplement(0): p. S34. 
50. Duque, S.H., C.A. Cardona, and J. Moncada, Techno-Economic and 
Environmental Analysis of Ethanol Production from 10 Agroindustrial 
Residues in Colombia. Energy & Fuels, 2015. 29(2): p. 775-783. 
51. García, R., et al., Characterization of Spanish biomass wastes for energy 
use. Bioresource Technology, 2012. 103(1): p. 249-258. 
52. Boluda-Aguilar, M., et al., Mandarin peel wastes pretreatment with steam 
explosion for bioethanol production. Bioresource Technology, 2010. 
101(10): p. 3506-3513. 
53. Carvalheiro, F., L.C. Duarte, and F.M. Gírio, Hemicellulose biorefineries: a 
review on biomass pretreatments. 2008. 
54. Grohmann, K., R. Cameron, and B. Buslig, Fractionation and pretreatment 
of orange peel by dilute acid hydrolysis. Bioresource Technology, 1995. 
54(2): p. 129-141. 
55. Zhang, Y.H.P., Reviving the carbohydrate economy via multi-product 
lignocellulose biorefineries. Journal of industrial microbiology & 
biotechnology, 2008. 35(5): p. 367-375. 
56. Jørgensen, H., J.B. Kristensen, and C. Felby, Enzymatic conversion of 
lignocellulose into fermentable sugars: challenges and opportunities. 
Biofuels, Bioproducts and Biorefining, 2007. 1(2): p. 119-134. 
57. Octave, S. and D. Thomas, Biorefinery: Toward an industrial metabolism. 
Biochimie, 2009. 91(6): p. 659-664. 
58. Clark, J.H., R. Luque, and A.S. Matharu, Green Chemistry, Biofuels, and 
Biorefinery. Annual Review of Chemical and Biomolecular Engineering, 
2012. 3: p. 183-207. 
59. Bozell, J.J., Feedstocks for the Future-Biorefinery Production of Chemicals 
from Renewable Carbon. Clean, 2008. 36(8): p. 641-647. 
260 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
60. Ng, R.T.L., D.H.S. Tay, and D.K.S. Ng, Simultaneous Process Synthesis, 
Heat and Power Integration in a Sustainable Integrated Biorefinery. Energy 
& Fuels, 2012. 26(12): p. 7316-7330. 
61. de Jong, W. and G. Marcotullio, Overview of Biorefineries based on Co-
Production of Furfural, Existing Concepts and Novel Developments. 
International Journal of Chemical Reactor Engineering, 2010. 8(1). 
62. Liu, S., L.P. Abrahamson, and G.M. Scott, Biorefinery: Ensuring biomass 
as a sustainable renewable source of chemicals, materials, and energy. 
Biomass and Bioenergy, 2012. 39: p. 1-4. 
63. Fatih Demirbas, M., Biorefineries for biofuel upgrading: a critical review. 
Applied Energy, 2009. 86: p. S151-S161. 
64. Demirbas, A., Biorefinery technologies for biomass upgrading. Energy 
Sources, Part A: Recovery, Utilization, and Environmental Effects, 2010. 
32(16): p. 1547-1558. 
65. Pham, V. and M. El‐Halwagi, Process synthesis and optimization of 
biorefinery configurations. AIChE Journal, 2011. 58(4): p. 1212-1221. 
66. Cherubini, F. and S. Ulgiati, Crop residues as raw materials for biorefinery 
systems–A LCA case study. Applied Energy, 2010. 87(1): p. 47-57. 
67. Cherubini, F., The biorefinery concept: Using biomass instead of oil for 
producing energy and chemicals. Energy Conversion and Management, 
2010. 51(7): p. 1412-1421. 
68. Hughes, S.R., et al., Sustainable Multipurpose Biorefineries for Third-
Generation Biofuels and Value-added Co-Products, Biofuels-Economy, 
Environment and Sustainability, Z. Fang, Editor 2013. 
69. Hackl, R. and S. Harvey, Opportunities for Process Integrated Biorefinery 
Concepts in the Chemical Cluster in Stenungsund, 2010, Department of 
Energy and Environment. Division of Heat and Power Technology. 
Chalmers University of Technology: Göteborg, Sweden. 
70. Aparcana, S. and A. Jansen, Estudio sobre el Valor Fertilizante de los 
Productos del Proceso "Fermentación Anaeróbica" para Producción de 
Biogás, G.P.P.E.a.E. Consultancy, Editor 2008. 
71. Mongabay, Colombia. Tropical Rainforest. Consulted August 2011, 2010. 
Avaliable from: http://rainforests.mongabay.com/20colombia.htm. 
72. Uribe, C.P., et al., Sembrando Innovación para la Competitivada del Sector 
Agropecuario Colombiano, 2011, Ministerio de Agricultura y Desarrollo 
Rural. 
73. Escalante, H., et al., Atlas del Potencial Energético de la Biomasa Residual 
en Colombia, 2007, Ministerio de Minas y Energía,. 
74. Restrepo, J.C., Una Política Integral de Tierras para Colombia, 2010, 
Ministerio de Agricultura y Desarrollo Rural. 
75. Ministerio de Agricultura y Desarrollo Rural and Corporación Colombia 
Internacional, Oferta Agropecuaria ENA-Cifras 2009. 2009. 
76. Hadar, Y., Sources for Lignocellulosic Raw Materials for the Production of 
Ethanol, in Lignocellulose Conversion, V. Faraco, Editor 2013, Springer 
Berlin Heidelberg. p. 21-38. 
References 261 
 
77. Asakereh, A., et al., Spatial Analysis the Potential for Energy Generation 
from Crop Residues in Shodirwan, Iran. International Journal of u- and e- 
Service, Science and Technology, 2014. 7(1): p. 275-284. 
78. Moncada, J., L.A. Toro, and C.A. Cardona, Fermentation in Transportation 
Alcohols, in Sustainable Bioenergy Production2014, CRC Press. p. 309-
326. 
79. Consorcio CUE, Capítulo II: Estudio ACV-impacto ambiental, in Evaluación 
del ciclo de vida de la cadena de producción de biocombustibles en 
Colombia. Estrategias de Energía Sostenible y Biocombustibles para 
Colombia ATN/JC-10826-CO y ATN/JF-10827-CO2012, Banco 
Interamericano de Desarrollo, Ministerio de Minas y Energía. 
80. Unidad de Planeación Minero Energética, Biocombustibles en Colombia, 
Ministerio de Minas y Energía. República de Colombia. 
81. Mejía, A.M., Propuesta para la implementación del sistema de gestión 
ambiental en el trapiche panelero-HVC, in Programa de administración del 
medio ambiente2007, Universidad Tecnológica de Pereira. 
82. Rosero, E.M., Diagnóstico en la producción, transformación y 
comercialización de panela en cabildos indígenas Nasa del Norte del 
Cauca, ante la vigencia y aplicación de la Resolución 779 de 2006, in 
Programa de Ingeniería Agroindustrial2011, Universidad de San 
Buenaventura. 
83. Sáncez, Z., H.R. García, and O.A. Mendieta, Efecto del precalentamiento 
del aire primario y la humedad del bagazo de caña de azúcar durante la 
combustión en lecho fijo. Corpoica Ciencia y Tecnología Agropecuaria, 
2013. 14(1): p. 5-16. 
84. Quintero, J.A., et al., Fuel ethanol production from sugarcane and corn: 
Comparative analysis for a Colombian case. Energy, 2008. 33(3): p. 385-
399. 
85. Minagricultura, XII Cadena de las Oleaginosas, in La competitividad de las 
cadenas agroproductivas en Colombia: Análisis de su estructura y 
dinamica (1991-2004)2004, Ministerio de Agricultura y Desarrollo Rural-
IICA Colombia: Bogotá, Colombia. p. 479-506. 
86. IICA, Atlas de la agroenergía y los biocombustibles en las Américas:II 
Biodiésel2010, San José, Costarica: Programa Hemisférico en Agro-
energía y Biocombustibles-Instituto Interamericano de Cooperación para la 
Agricultura. 
87. Bart, J.C.J., N. Palmeri, and S. Cavallaro, Biodiesel science and 
technology: From soil to oil. Woodhead Publishing Series in Energy: 
Number 72010: CRC Press Taylor & Francis Group. 
88. Yarmo, M.A., et al., Transesterification products from the metathesis 
reaction of palm oil. Journal of Molecular Catalysis, 1992. 76(1-3): p. 373-
379. 
89. Saouter, E., et al., Oleochemical and Petrochemical Surfactants: An Overall 
Assessment, in Renewables-Based Technology, J.D.a.H.V. Langenhove, 
Editor 2006, John Wiley & Sons,: West Sussex, England. p. 265-279. 
262 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
90. Fedebiocombustible, Cifras Informativas del Sector Biocombustibles: 
Biodiesel de Palma de Aceite, 2011, Federación Nacional de 
Biocombustibles de Colombia: Bogotá, Colombia. p. 6. 
91. FEDEPALMA, La palma de aceite, 2012, Federación Nacional de 
Cultivadores de Palma de Aceite. 
92. Ministerio de Agricultura y Desarrollo Rural, Anuario estadístico del sector 
agropecuario y pesquero 2010, Dirección de Política Sectorial and Grupo 
Sistemas de Información Ministerio de Agricultura y Desarrollo Rural, 
Editors. 2011. 
93. FEDEBIOCOMBUSTIBLES, Cifras informativas del Sector 
Biocombustibles. Biodiesel de Palma de Aceite., 2012. 
94. Papong, S., et al., Life cycle energy efficiency and potentials of biodiesel 
production from palm oil in Thailand. Energy Policy, 2010. 38(1): p. 226-
233. 
95. Gutiérrez, L.F., Ó.J. Sánchez, and C.A. Cardona, Process integration 
possibilities for biodiesel production from palm oil using ethanol obtained 
from lignocellulosic residues of oil palm industry. Bioresource Technology, 
2009. 100(3): p. 1227-1237. 
96. Murthy, P.S. and M. Madhava Naidu, Sustainable management of coffee 
industry by-products and value addition—A review. Resources, 
Conservation and Recycling, 2012. 66(0): p. 45-58. 
97. United States Department of Agriculture, Coffee: World Markets and Trade, 
in Foreign Agricultural Service2013. 
98. Cano, C.G., et al., El mercado mundial del café y su impacto en Colombia, 
in Borradores de Economía2012, Banco de La República. 
99. Pandey, A., et al., Biotechnological potential of coffee pulp and coffee husk 
for bioprocesses. Biochemical Engineering Journal, 2000. 6(2): p. 153-162. 
100. Shemekite, F., et al., Coffee husk composting: An investigation of the 
process using molecular and non-molecular tools. Waste Management, 
2014. 34(3): p. 642-652. 
101. Federación Nacional de Cafeteros de Colombia. Área cultivada según 
tecnificación por departamento-anual desde 2007. Estadísticas Históricas. 
Información Estadística Cafetera 2014 [cited 2015 January]; Available from: 
http://www.federaciondecafeteros.org/particulares/es/quienes_somos/119_
estadisticas_historicas/. 
102. DANE, Encuesta Nacional Agrícola 2009. 2011. 
103. J.C., R.R.A., Valencia; J.L., Restrepo; A., Uribe; J.E., Murillo, Cítricos: 
Cultivo, Poscosecha e industrialización, 2012, Corporación Universitaria 
Lasallista. 
104. Nassar, A.G., A.A. AbdEl-Hamied, and E.A. El-Naggar, Effect of Citrus by-
Products Flour Incorporation on Chemical, Rheological and Organolepic 
Characteristics of Biscuits. World Journal of Agricultural Sciences, 2008. 
4(5): p. 612-616. 
References 263 
 
105. Cardona, C.A. and J.-S. Lee, Renewable Fuels. Developments in 
Bioethanol and Biodiesel Production. Universidad Nacional de Colombia, 
Sede Manizales. COLCIENCIAS., 2008. 
106. Pourbafrani, M., et al., Production of biofuels, limonene and pectin from 
citrus wastes. Bioresource Technology, 2010. 101(11): p. 4246-4250. 
107. Ministerio de Agricultura y Desarrollo Rural, Resultados evaluaciones 
agropecuarias municipales 2011, in Anuario estadístico de frutas y 
hortalizas 2007-2011 y sus calendarios de siembras y cosechas, Dirección 
de Política Sectorial and Grupo Sistemas de Información, Editors. 2012. 
108. Romero-García, J.M., et al., Biorefinery based on olive biomass. State of 
the art and future trends. Bioresource Technology, 2014. 159(0): p. 421-
432. 
109. Conde, E., et al., Antioxidant activity of the phenolic compounds released 
by hydrothermal treatments of olive tree pruning. Food Chemistry, 2009. 
114(3): p. 806-812. 
110. Hernández, V., et al. Techno economic and environmental assessment of 
an olive tree pruning based biorefinery. in 4th International Congress on 
Green Process Engineering. 2014. Sevilla (Spain): Pictografía. 
111. Ballesteros, I., et al., Effect of water extraction on sugars recovery from 
steam exploded olive tree pruning. Bioresource Technology, 2011. 102(11): 
p. 6611-6616. 
112. Negro, M.J., et al., Ethanol production from glucose and xylose obtained 
from steam exploded water-extracted olive tree pruning using phosphoric 
acid as catalyst. Bioresource Technology, 2014. 153(0): p. 101-107. 
113. Altarejos, J., et al., Preliminary assay on the radical scavenging activity of 
olive wood extracts. Fitoterapia, 2005. 76(3–4): p. 348-351. 
114. Pérez-Bonilla, M., et al., Isolation and identification of radical scavengers in 
olive tree (Olea europaea) wood. Journal of Chromatography A, 2006. 
1112(1–2): p. 311-318. 
115. Ahring, B., Perspectives for Anaerobic Digestion, in Biomethanation I, B. 
Ahring, et al., Editors. 2003, Springer Berlin Heidelberg. p. 1-30. 
116. Donoso-Bravo, A., et al., Model selection, identification and validation in 
anaerobic digestion: A review. Water Research, 2011. 45(17): p. 5347-
5364. 
117. Kythreotou, N., G. Florides, and S.A. Tassou, A review of simple to 
scientific models for anaerobic digestion. Renewable Energy, 2014. 71(0): 
p. 701-714. 
118. Li, Y., et al., Optimization of ammonia pretreatment of wheat straw for 
biogas production. Journal of Chemical Technology & Biotechnology, 2015. 
90(1): p. 130-138. 
119. Wilkinson, K.G., Development of On-Farm Anaerobic Digestion, in 
Integrated Waste Management, S. Kumar, Editor 2011, InTech. 
120. Taherzadeh, M.J. and A. Jeihanipour, Recalcitrance of Lignocellulosic 
Biomass to Anaerobic Digestion, in Biogas Production2012, John Wiley & 
Sons, Inc. p. 27-54. 
264 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
121. Massoud, K., T. George, and C.B. Robert, Biomass Conversion Processes 
For Energy Recovery, in Energy Conversion2007, CRC Press. p. 22-1-22-
68. 
122. Patil, J.H., et al., Anaerobic Co-digestion of Water Hyacinth and Sheep 
Waste. Energy Procedia, 2014. 52(0): p. 572-578. 
123. Patil, J.H., M.A. Raj, and C.C. Gavimath, Study on effect of pretreatment 
methods on biomethanation of water hyacinth. International Journal of 
Advanced Biotechnology and Research, 2011. 2(1): p. 143-147. 
124. van Haandel, A.C. and J.G.M. van der Lubbe, Handbook of Biological 
Wastewater Treatment: Design and Optimisation of Activated Sludge 
Systems2012: IWA Pub. 
125. Kangle, K.M., et al., Recent Trends in Anaerobic Codigestion: A Review. 
Universal Journal of Environmental Research and Technology, 2012. 2(4): 
p. 210-219. 
126. Zupančič, G.D. and V. Grilc, Anaerobic Treatment and Biogas Production 
from Organic Waste, in Management of Organic Waste, S. Kumar, Editor 
2012. 
127. Ali Shah, F., et al., Microbial Ecology of Anaerobic Digesters: The Key 
Players of Anaerobiosis. The Scientific World Journal, 2014. 2014: p. 21. 
128. Mudhoo, A. and S. Kumar, Effects of heavy metals as stress factors on 
anaerobic digestion processes and biogas production from biomass. 
International Journal of Environmental Science and Technology, 2013. 
10(6): p. 1383-1398. 
129. Taherzadeh, M.J. and K. Karimi, Pretreatment of Lignocellulosic Wastes to 
Improve Ethanol and Biogas Production: A Review. International Journal of 
Molecular Sciences, 2008. 9(9): p. 1621-1651. 
130. Zhao, X., L. Zhang, and D. Liu, Biomass recalcitrance. Part I: the chemical 
compositions and physical structures affecting the enzymatic hydrolysis of 
lignocellulose. Biofuels, Bioproducts and Biorefining, 2012. 6(4): p. 465-
482. 
131. Yang, B., et al., Enzymatic hydrolysis of cellulosic biomass. Biofuels, 2011. 
2(4): p. 421-449. 
132. Yang, B. and C.E. Wyman, Pretreatment: the key to unlocking low-cost 
cellulosic ethanol. Biofuels, Bioproducts and Biorefining, 2008. 2(1): p. 26-
40. 
133. Kim, J.H., D.E. Block, and D.A. Mills, Simultaneous consumption of 
pentose and hexose sugars: an optimal microbial phenotype for efficient 
fermentation of lignocellulosic biomass. Applied Microbiology and 
Biotechnology, 2010. 88(5): p. 1077-1085. 
134. Schön, M., Numerical modelling of anaerobic digestion processes in 
agricultural biogas plants, in Faculty of civil sciences2009, Universität 
Innsbruck. 
135. Boontian, N., Optimization of the anaerobic digestion of biomass: A review. 
The Romanian Review Precision Mechanics, Optics & Mechatronics, 2013. 
43: p. 48-53. 
References 265 
 
136. Esposito, G., et al., Anaerobic co-digestion of organic wastes. Reviews in 
Environmental Science and Bio/Technology, 2012. 11(4): p. 325-341. 
137. Munawar, T.M., K. Aruna, and A.V.N. Swamy, Production, purification and 
characterization of alkaline protease from agroindustrial wastes by using 
Aspergillus terreus (AB661667) under solid state fermentation. International 
Journal of Advanced Research in Engineering and Applied Sciences, 2014. 
3(10): p. 12-23. 
138. Parawira, W., Enzyme research and applications in biotechnological 
intensification of biogas production. Critical Reviews in Biotechnology, 
2012. 32(2): p. 172-186. 
139. Arsova, L., Anaerobic digestion of food waste: Current status, problems 
and an alternative product, in Department of Earth and Environmental 
Engineering, Fu Foundation of Engineering and Applied Science2010, 
Columbia University. 
140. Pavlostathis, S.G. and E. Giraldo‐Gomez, Kinetics of anaerobic treatment: 
A critical review. Critical Reviews in Environmental Control, 1991. 21(5-6): 
p. 411-490. 
141. Angelidaki, I. and W. Sanders, Assessment of the anaerobic 
biodegradability of macropollutants. Re/Views in Environmental Science & 
Bio/Technology, 2004. 3(2): p. 117-129. 
142. Gashaw, A. and A. Teshita, Co-Digestion of Ethiopian Food Waste with 
Cow Dung for Biogas Production. 2014, 2014. 1(7): p. 26. 
143. Kabir, M., G. Forgács, and I. Sárvári Horváth, Biogas from Lignocellulosic 
Materials, in Lignocellulose-Based Bioproducts, K. Karimi, Editor 2015, 
Springer International Publishing. p. 207-251. 
144. Martin-Ryals, A.D., Evaluating the potential for improving anaerobic 
digestion of cellulosic waste via routine bioaugmentation and alkaline 
pretreatment, in Graduate College2012, University of Illinois. 
145. Klass, D.L., Biomass for Renewable Energy, Fuels, and Chemicals1998: 
Elsevier Science. 
146. Goldberg, I., Organisms and Substrates, in Single Cell Protein1985, 
Springer Berlin Heidelberg. p. 11-66. 
147. Wilson, C.A., The Effect of Steady-State Digestion Temperature on the 
Performance, Stability, and Biosolids Odor Production associated with 
Thermophilic Anaerobic Digestion in Faculty of the Virginia Polytechnic 
Institute2006, State University. 
148. Parawira, W., Anaerobic Treatment of Agricultural Residues and 
Wastewater in Department of Biotechnology 2004, Lund University. 
149. Dinamarca, C. and R. Bakke, Process parameters affecting the 
sustainability of fermentative hydrogen production: A short-review. 
International Journal of Energy and Environment, 2011. 2(6): p. 1067-1078. 
150. Gallert, C. and J. Winter, Bacterial Metabolism in Wastewater Treatment 
Systems, in Environmental Biotechnology2005, Wiley-VCH Verlag GmbH & 
Co. KGaA. p. 1-48. 
266 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
151. Conrad, R., Contribution of hydrogen to methane production and control of 
hydrogen concentrations in methanogenic soils and sediments. FEMS 
Microbiology Ecology, 1999. 28(3): p. 193-202. 
152. Rowse, L.E., Design of Small Scale Anaerobic Digesters for Application in 
Rural Developing Countries, in Department of Civil and Environmental 
Engineering2011, University of South Florida. 
153. Wang, X., et al., Effects of Temperature and Carbon-Nitrogen (C/N) Ratio 
on the Performance of Anaerobic Co-Digestion of Dairy Manure, Chicken 
Manure and Rice Straw: Focusing on Ammonia Inhibition. PLoS ONE, 
2014. 9(5): p. e97265. 
154. Rincón, B., et al., The effect of organic loading rate on the anaerobic 
digestion of two-phase olive mill solid residue derived from fruits with low 
ripening index. Journal of Chemical Technology & Biotechnology, 2007. 
82(3): p. 259-266. 
155. Chen, Y., et al., Effects of Organic Loading Rate on the Performance of a 
Pressurized Anaerobic Filter in Two-Phase Anaerobic Digestion. Energies, 
2014. 7(7): p. 736-750. 
156. Dioha, I.J., et al., Effect of carbon to nitrogen ratio on biogas production. 
International Research Journal of Natural Sciences, 2013. 1(3): p. 1-10. 
157. Siddiqui, Z., N.J. Horan, and K. Anaman, Optimisation of C:N Ratio for Co-
Digested Processed Industrial Food Waste and Sewage Sludge Using the 
BMP Test. International Journal of Chemical Reactor Engineering, 2011. 9: 
p. 1-12. 
158. Monnet, F., An introduction to anaerobic digestion of Organic wastes, 2003, 
Remade Scotland. 
159. Abbasi, T., S.M. Tauseef, and S.A. Abbasi, Low-Rate and High-Rate 
Anaerobic Reactors/Digesters/Fermenters, in Biogas Energy2012, Springer 
New York. p. 35-39. 
160. Brown, D., J. Shi, and Y. Li, Comparison of solid-state to liquid anaerobic 
digestion of lignocellulosic feedstocks for biogas production. Bioresource 
Technology, 2012. 124(0): p. 379-386. 
161. Yang, L., et al., Challenges and strategies for solid-state anaerobic 
digestion of lignocellulosic biomass. Renewable and Sustainable Energy 
Reviews, 2015. 44(0): p. 824-834. 
162. Liew, L.N., Solid-State Anaerobic Digestion of Lignocellulosic Biomass for 
Biogas Production, in Program in Food, Agricultural and Biological 
Engineering2011, The Ohio State University. 
163. Lai, T., et al., Mathematical Modeling of Batch, Single Stage, Leach Bed 
Anaerobic Digestion of Organic Fraction of Municipal Solid Waste, in 
Optimization in the Energy Industry, J. Kallrath, et al., Editors. 2009, 
Springer Berlin Heidelberg. p. 233-275. 
164. Li, Y., S.Y. Park, and J. Zhu, Solid-state anaerobic digestion for methane 
production from organic waste. Renewable and Sustainable Energy 
Reviews, 2011. 15(1): p. 821-826. 
References 267 
 
165. Jha, A.K., et al., Research advances in dry anaerobic digestion process of 
solid organic wastes African Journal of Biotechnology, 2011. 10(65): p. 
14242-14253 
166. Xu, F., Experimental Studies and Modeling of Solid-State Anaerobic 
Digestion for Enhanced Methane Production from Lignocellulosic Biomass, 
in Graduate Program in Environmental Science2014, The Ohio State 
University. 
167. Food and Agriculture Organization, Microbiology biochemistry and 
physiology, in Biogas processes for sustainable development1992. 
168. Appels, L., et al., Principles and potential of the anaerobic digestion of 
waste-activated sludge. Progress in Energy and Combustion Science, 
2008. 34(6): p. 755-781. 
169. Lauwers, J., et al., Mathematical modelling of anaerobic digestion of 
biomass and waste: Power and limitations. Progress in Energy and 
Combustion Science, 2013. 39(4): p. 383-402. 
170. Batstone, D.J., et al., The IWA Anaerobic Digestion Model No 1 (ADM1). 
Water Science and Technology, 2002. 45(10): p. 65-73. 
171. Husain, A., Mathematical models of the kinetics of anaerobic digestion-A 
selected review. Biomass and Bioenergy, 1998. 14(5/6): p. 561-571. 
172. Yu, L., et al., Mathematical Modeling in Anaerobic Digestion (AD). 
Bioremediation & Biodegradation, 2013. 4: p. 1-12. 
173. Gavala, H., I. Angelidaki, and B. Ahring, Kinetics and Modeling of 
Anaerobic Digestion Process, in Biomethanation I, B. Ahring, et al., Editors. 
2003, Springer Berlin Heidelberg. p. 57-93. 
174. Gerber, M. and R. Span, An Analysis of Available Mathematical Models for 
Anaerobic Digestion of Organic Substances for Production of Biogas, 2008, 
IGRC, International Gas Union Research Conference. 
175. Mes, T.D.Z.d., A.J.M. Stams, and G. Zeeman, Chapter 4. Methane 
production by anaerobic digestion of wastewater and solid wastes, in 
Biomethane and Biohydrogen. Status and perspectives of biological 
methane and hydrogen production, J.H. Reith, R.H. Wijffels, and Barten, 
Editors. 2003. 
176. Strezov, V. and T.J. Evans, Biomass Processing Technologies2015: CRC 
Press. 
177. Sánchez, O.J., R. Sierra, and C.J. Alméciga-Díaz, Delignification Process 
of Agro-Industrial Wastes an Alternative to Obtain Fermentable 
Carbohydrates for Producing Fuel, in Alternative Fuel, M. Manzanera, 
Editor 2011, InTech. 
178. Singh, R., et al., A review on delignification of lignocellulosic biomass for 
enhancement of ethanol production potential. Renewable and Sustainable 
Energy Reviews, 2014. 32(0): p. 713-728. 
179. Ana-Rita, F.D. and W.D. Ian, Pyrolysis of sugar cane bagasse in a wire 
mesh reactor. Industrial & Engineering Chemistry Research, 1996. 35: p. 
1263-1268. 
180. Xu, J.M., et al., Delignification of Switchgrass Cultivars for Bioethanol 
Production. BioResources, 2011. 6(1): p. 707-720. 
268 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
181. Sambusiti, C., Physical, chemical and biological pretreatments to enhance 
biogas production from lignocellulosic substrates, in Department of Civil 
and Environmental Engineering, Environmental Section Doctoral Program 
in Environmental and Infrastructure Engineering2012, Politecnico di Milano. 
182. Datta, R., Acidogenic fermentation of corn stover. Biotechnology and 
Bioengineering, 1981. 23(1): p. 61-77. 
183. Boontian, N., Conditions of the Anaerobic Digestion of Biomass 
International Journal of Biological, Food, Veterinary and Agricultural 
Engineering, 2014. 8(9): p. 989-993. 
184. Sawatdeenarunat, C., et al., Anaerobic digestion of lignocellulosic biomass: 
Challenges and opportunities. Bioresource Technology, 2015. 178(0): p. 
178-186. 
185. Boulanger, A., et al., Effect of inoculum to substrate ratio (I/S) on municipal 
solid waste anaerobic degradation kinetics and potential. Waste 
Management, 2012. 32(12): p. 2258-2265. 
186. Ferrer, P., et al., The use of agricultural substrates to improve methane 
yield in anaerobic co-digestion with pig slurry: Effect of substrate type and 
inclusion level. Waste Management, 2014. 34(1): p. 196-203. 
187. Alzate, M.E., et al., Biochemical methane potential of microalgae: Influence 
of substrate to inoculum ratio, biomass concentration and pretreatment. 
Bioresource Technology, 2012. 123(0): p. 488-494. 
188. Eskicioglu, C. and M. Ghorbani, Effect of inoculum/substrate ratio on 
mesophilic anaerobic digestion of bioethanol plant whole stillage in batch 
mode. Process Biochemistry, 2011. 46(8): p. 1682-1687. 
189. Garver, M.P. and S. Liu, Chapter 27-Development of Thermochemical and 
Biochemical Technologies for Biorefineries, in Bioenergy Research: 
Advances and Applications, V.K. Gupta, et al., Editors. 2014, Elsevier: 
Amsterdam. p. 457-488. 
190. Karp, S.G., et al., Pretreatment Strategies for Delignification of Sugarcane 
Bagasse: A Review. Brazilian Archives of Biology and Technology, 2013. 
56(4): p. 679-689. 
191. Gharpuray, M.M., Y.-H. Lee, and L.T. Fan, Structural modification of 
lignocellulosics by pretreatments to enhance enzymatic hydrolysis. 
Biotechnology and Bioengineering, 1983. 25(1): p. 157-172. 
192. Teghammar, A., et al., Pretreatment of paper tube residuals for improved 
biogas production. Bioresource Technology, 2010. 101(4): p. 1206-1212. 
193. Monlau, F., et al., Comparison of seven types of thermo-chemical 
pretreatments on the structural features and anaerobic digestion of 
sunflower stalks. Bioresource Technology, 2012. 120(0): p. 241-247. 
194. Rekha, V.B., K. Ramachandralu, and T. Rasigha, Enhancing the 
Absorbency of Bagasse through Enzymatic Delignification. Journal of 
Fashion Technology & Textile Engineering, 2013. 1(1). 
195. Woiciechowski, A., et al., The Pretreatment Step in Lignocellulosic Biomass 
Conversion: Current Systems and New Biological Systems, in 
References 269 
 
Lignocellulose Conversion, V. Faraco, Editor 2013, Springer Berlin 
Heidelberg. p. 39-64. 
196. Gupta, R., et al., Fungal delignification of lignocellulosic biomass improves 
the saccharification of cellulosics. Biodegradation, 2011. 22(4): p. 797-804. 
197. Saritha, M., A. Arora, and Lata, Biological Pretreatment of Lignocellulosic 
Substrates for Enhanced Delignification and Enzymatic Digestibility. Indian 
Journal of Microbiology, 2012. 52(2): p. 122-130. 
198. Martínez, Á.T., et al., Enzymatic delignification of plant cell wall: from 
nature to mill. Current Opinion in Biotechnology, 2009. 20(3): p. 348-357. 
199. Singhania, R.R., et al., Recent advances in solid-state fermentation. 
Biochemical Engineering Journal, 2009. 44(1): p. 13-18. 
200. Viccini, g., et al., Analysis of Growth Kinetic Profiles in Solid-State 
Fermentation. Food Technology and Biotechnology, 2001. 39(4): p. 271-
294. 
201. Mitchell, D., M. Berovic, and N. Krieger, Biochemical Engineering Aspects 
of Solid State Bioprocessing, in New Products and New Areas of 
Bioprocess Engineering2000, Springer Berlin Heidelberg. p. 61-138. 
202. Couto, S.R. and M.Á. Sanromán, Application of solid-state fermentation to 
food industry—A review. Journal of Food Engineering, 2006. 76(3): p. 291-
302. 
203. Mussatto, S.I., et al., Use of Agro-Industrial Wastes in Solid-State 
Fermentation Processes, in Industrial Waste, K.Y. Show, Editor 2012, 
InTech. 
204. Pandey, A., C.R. Soccol, and D. Mitchell, New developments in solid state 
fermentation: I-bioprocesses and products. Process Biochemistry, 2000. 
35(10): p. 1153-1169. 
205. Singh nee’ Nigam, P. and A. Pandey, Solid-State Fermentation Technology 
for Bioconversion of Biomass and Agricultural Residues, in Biotechnology 
for Agro-Industrial Residues Utilisation, P. Singh nee’ Nigam and A. 
Pandey, Editors. 2009, Springer Netherlands. p. 197-221. 
206. Manpreet, S., et al., Influence of Process Parameters on the Production of 
Metabolites in Solid-State Fermentation. Malalaysian Jounal of 
Microbiology, 2005. 1(2): p. 1-9. 
207. Dulf, F., et al., Total Phenolic Contents, Antioxidant Activities and Lipid 
Fractions from Berry Pomaces Obtained by Solid-State Fermentation of two 
Sambucus Species with Aspergillus Niger. Journal of Agricultural and Food 
Chemistry, 2015. 
208. El-Mansi, E.M.T., et al., Fermentation Microbiology and Biotechnology, 
Third Edition2011: CRC Press. 
209. Manan, M.A., Design aspects of solid state fermentation, in Faculty of 
Engineering and Physical Sciences2014, University of Manchester. 
210. Nigam, P. and D. Singh, Solid-state (substrate) fermentation systems and 
their applications in biotechnology. Journal of Basic Microbiology, 1994. 
34(6): p. 405-423. 
211. Pandey, A., Solid-state fermentation. Biochemical Engineering Journal, 
2003. 13(2–3): p. 81-84. 
270 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
212. Raimbault, M., General and microbiological aspects of solid substrate 
fermentation. EJB Electronic Journal of Biotechnology, 1998. 1(3): p. 174-
188. 
213. Chen, H., Biotechnology Principles of Solid State Fermentation, in Modern 
Solid State Fermentation2013, Springer Netherlands. p. 23-74. 
214. Rodriguez-Leon, J., et al., Factors Affecting Solid-state Fermentation, in 
Current Developments in Solid-state Fermentation, A. Pandey, C. Soccol, 
and C. Larroche, Editors. 2008, Springer New York. p. 26-47. 
215. Santos, T., Optimization of phytase production by Aspergillus niger using 
solid state fermentation, in Department of Biology, Faculty of Science2011, 
University of Ireland. 
216. Farinas, C.S., Developments in solid-state fermentation for the production 
of biomass-degrading enzymes for the bioenergy sector. Renewable and 
Sustainable Energy Reviews, 2015. 52: p. 179-188. 
217. Ali, H.K.Q. and M.M.D. Zulkali, Design Aspects of Bioreactors for Solid-
state Fermentation: A Review. Chemical & Biochemical Engineering 
Quarterly, 2011. 25(2): p. 255-266. 
218. Bellon-Maurel, V., O. Orliac, and P. Christen, Sensors and measurements 
in solid state fermentation: a review. Process Biochemistry, 2003. 38(6): p. 
881-896. 
219. Pandey, A., M. FERNANDES, and C. Larroche, Current Developments in 
Solid-state Fermentation2008: Springer New York. 
220. de Castro, R. and H. Sato, Enzyme Production by Solid State 
Fermentation: General Aspects and an Analysis of the Physicochemical 
Characteristics of Substrates for Agro-industrial Wastes Valorization. Waste 
and Biomass Valorization, 2015: p. 1-9. 
221. Mitchell, D.A., N. Krieger, and M. Berovic, Solid-State Fermentation 
Bioreactors: Fundamentals of Design and Operation2006: Springer Berlin 
Heidelberg. 
222. National Renewable Energy Laboratory, Determination of Extractives in 
Biomass. Laboratory Analytical Procedure., in NREL Laboratory Analytical 
Procedures for standard biomass analysis2008, U.S. Department of Energy 
Office of Energy Efficiency and Renewable Energy. 
223. National Renewable Energy Laboratory, Determination of Total Solids in 
Biomass and Total Disolved Solids in Liquid Process Samples, in NREL 
Laboratory Analytical Procedures for standard biomass analysis2008, U.S. 
Department of Energy Office of Energy Efficiency and Renewable Energy. 
224. National Renewable Energy Laboratory, Determination of Insoluble Solids 
in Pretreated Biomass Material, in NREL Laboratory Analytical Procedures 
for standard biomass analysis2008, U.S. Department of Energy Office of 
Energy Efficiency and Renewable Energy. 
225. National Renewable Energy Laboratory, Determination of Ash in Biomass, 
in NREL Laboratory Analytical Procedures for standard biomass 
analysis2008, U.S. Department of Energy Office of Energy Efficiency and 
Renewable Energy. 
References 271 
 
226. National Renewable Energy Laboratory, Determination of Structural 
Carbohydrates and Lignin in Biomass, in NREL Laboratory Analytical 
Procedures for standard biomass analysis2008, U.S. Department of Energy 
Office of Energy Efficiency and Renewable Energy. 
227. National Renewable Energy Laboratory, Determination of Sugars, 
Byproducts, and Degradation Products in Liquid Fraction Process Samples, 
in NREL Laboratory Analytical Procedures for standard biomass 
analysis2008, U.S. Department of Energy Office of Energy Efficiency and 
Renewable Energy. 
228. National Renewable Energy Laboratory, Preparation of Samples for 
Compositional Analysis, in NREL laboratory Analytical Procedures for 
standard biomass analysis2008, U.S. Department of Energy Office of 
Energy Efficiency and Renewable Energy. 
229. KARIA, G.L. and R.A. CHRISTIAN, WASTEWATER TREATMENT: 
Concepts and Design Approach2013: PHI Learning. 
230. Chandra, R., et al., Improving biodegradability and biogas production of 
wheat straw substrates using sodium hydroxide and hydrothermal 
pretreatments. Energy, 2012. 43(1): p. 273-282. 
231. Xu, F., et al., Comparison of different liquid anaerobic digestion effluents as 
inocula and nitrogen sources for solid-state batch anaerobic digestion of 
corn stover. Waste Management, 2013. 33(1): p. 26-32. 
232. Rangaswamy, V., Improved Production of Gibberellic Acid by Fusarium 
moniliforme. Journal of Microbiology Research, 2012. 2(3): p. 51-55. 
233. Berríos, J., A. Illanes, and G. Aroca, Spectrophotometric method for 
determining gibberellic acid in fermentation broths. Biotechnology Letters, 
2004. 26(1): p. 67-70. 
234. Liu, X., et al., Pretreatment of wheat straw with potassium hydroxide for 
increasing enzymatic and microbial degradability. Bioresource Technology, 
2015. 185(0): p. 150-157. 
235. Dai, X., et al., High-solids anaerobic co-digestion of sewage sludge and 
food waste in comparison with mono digestions: Stability and performance. 
Waste Management, 2013. 33(2): p. 308-316. 
236. Gelmi, C., R. Pérez-Correa, and E. Agosin, Modelling Gibberella fujikuroi 
growth and GA3 production in solid-state fermentation. Process 
Biochemistry, 2002. 37(9): p. 1033-1040. 
237. Jin, Q., et al., Kinetic characterization for hemicellulose hydrolysis of corn 
stover in a dilute acid cycle spray flow-through reactor at moderate 
conditions. Biomass and Bioenergy, 2011. 35(10): p. 4158-4164. 
238. Morales-Rodriguez, R., et al., A Mathematical Model for Simultaneous 
Saccharification and Co-fermentation (SSCF) of C6 and C5 Sugars. 
Chinese Journal of Chemical Engineering, 2011. 19(2): p. 185-191. 
239. Martinez, A., et al., Detoxification of dilute acid hydrolysates of 
lignocellulose with lime. Biotechnology Progress, 2001. 17(2): p. 287-293. 
240. Leksawasdi, N., E.L. Joachimsthal, and P.L. Rogers, Mathematical 
modelling of ethanol production from glucose/xylose mixtures by 
272 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
recombinant Zymomonas mobilis. Biotechnology Letters, 2001. 23(13): p. 
1087-1093. 
241. Shahhosseini, S., Simulation and optimisation of PHB production in fed-
batch culture of Ralstonia eutropha. Process Biochemistry, 2004. 39(8): p. 
963-969. 
242. Tochampa, W., et al., A model of xylitol production by the yeast Candida 
mogii. Bioprocess and Biosystems Engineering, 2005. 28(3): p. 175-183. 
243. Agirrezabal-Telleria, I., I. Gandarias, and P.L. Arias, Production of furfural 
from pentosan-rich biomass: Analysis of process parameters during 
simultaneous furfural stripping. Bioresource Technology, 2013. 143(0): p. 
258-264. 
244. Food and Agriculture Organization of the United Nations, Biogas-Small-
Scale, in Bioenergy and Food Security Rapid Appraisal (BEFS RA)2014, 
Food and Agriculture Organization of the United Nations,. 
245. Machado, C.M., et al., Gibberellic acid production by solid-state 
fermentation in coffee husk. Applied Biochemistry and Biotechnology, 2002. 
102-103(1-6): p. 179-191. 
246. Pfeifer, V.F., C. Vojnovic, and E.N. Heger, Itaconic Acid by Fermentation 
with AspergilIus Terreus. Industrial & Engineering Chemistry Research, 
1952. 44(12). 
247. Herron, J.S., J.D. King, and D.C. White, Recovery of poly-β-
hydroxybutyrate from estuarine microflora. Applied and environmental 
microbiology, 1978. 35(2): p. 251-257. 
248. Balat, M., et al., Main routes for the thermo-conversion of biomass into 
fuels and chemicals. Part 2: Gasification systems. Energy Conversion and 
Management, 2009. 50(12): p. 3158-3168. 
249. Rincón, L.E., J. Moncada, and C.A. Cardona, Analysis of cogeneration as a 
tool to improve the viability of oilseed based biorefineries, in Catalytic 
systems for integral transformations of oil plants through biorefinery 
concept" Catalytic Systems For Integral Transformations Of Oil Plants 
Through Biorefinery Concept2013, Universidad Nacional de Colombia. p. 
74-94. 
250. Ahmed, I.I. and A.K. Gupta, Sugarcane bagasse gasification: Global 
reaction mechanism of syngas evolution. Applied Energy, 2012. 91(1): p. 
75-81. 
251. Rincón, L., et al., Techno-Economic Analysis of the Use of Fired 
Cogeneration Systems Based on Sugar Cane Bagasse in South Eastern 
and Mid-Western Regions of Mexico. Waste and Biomass Valorization, 
2014. 5(2): p. 189-198. 
252. Xu, Y., et al., High efficient conversion of CO2-rich bio-syngas to CO-rich 
bio-syngas using biomass char: a useful approach for production of bio-
methanol from bio-oil. Bioresource Technology, 2011. 102(10): p. 6239-
6245. 
253. Najjar, Y.S.H., Gas turbine cogeneration systems: a review of some novel 
cycles. Applied Thermal Engineering, 2000. 20(2): p. 179-197. 
References 273 
 
254. Pitt Jr, W., G. Haag, and D. Lee, Recovery of ethanol from fermentation 
broths using selective sorption–desorption. Biotechnology and 
Bioengineering, 1983. 25(1): p. 123-131. 
255. Vyglazov, V.V., Kinetic Characteristics of Xylitol Crystallization from 
Aqueous-Ethanolic Solutions. Russian Journal of Applied Chemistry, 2004. 
77(1): p. 26-29. 
256. Cerón, I.X. and C.A. Cardona, Evaluación del proceso integral para la 
obtención de aceite esencial y pecitna a partir de cáscara de naranja. 
Ingeniería y ciencia, 2011. 7(13): p. 65-86. 
257. Wooley, R. and V. Putsche, Development of an ASPEN PLUS Physical 
Property Database for Biofuels Components, in Report No. NREL/MP-425-
2068519961996, National Renewable Energy Laboratory: Golden, CO, 
USA. 
258. Batista, E., et al., Liquid−Liquid Equilibrium for Systems of Canola Oil, Oleic 
Acid, and Short-Chain Alcohols. Journal of Chemical & Engineering Data, 
1999. 44(6): p. 1360-1364. 
259. Mathias, P.M., J.F. Boston, and S. Watanasiri, Effective utilization of 
equations of state for thermodynamic properties in process simulation. 
AIChE Journal, 1984. 30(2): p. 182-186. 
260. Wooley, R. and V. Putsche, Report NREL/MP-425-20685, 1996, National 
Renewable Energy Laboratory: Golden, CO, USA. p. 38. 
261. Wooley, R., et al., Lignocellulosic biomass to ethanol process design and 
economics utilizing co-current dilute acid prehydrolysis and enzymatic 
hydrolysis. Current and futuristic scenarios, in Technical Report NREL/ TP-
580-261571999, National Renewable Energy Laboratory: Golden, CO, 
USA. p. 123. 
262. Gmehling, J., et al., A Modified UNIFAC (Dortmund) Model. 4. Revision and 
Extension. Industrial & Engineering Chemistry Research, 2002. 41(6): p. 
1678-1688. 
263. Poling, B., J. Prausnitz, and J.O. Connell, The Properties of Gases and 
Liquids2000: McGraw-Hill Education. 
264. Moncada, J., M.M. El-Halwagi, and C.A. Cardona, Techno-economic 
analysis for a sugarcane biorefinery: Colombian case. Bioresource 
Technology, 2012. In Press. 
265. Flórez, J.H., D. Tobón, and G.A. Castillo, ¿Ha sido efectiva la promoción 
de soluciones energéticas en las zonas no interconectadas (ZNI) en 
Colombia?: Un análisis de la estructura institucional. Cuadernos de 
administración, 2009. 22(38): p. 219-245. 
266. ICIS, Indicative Chemical Prices A-Z. Available in: 
http://www.icis.com/chemicals/channel-info-chemicals-a-z/, 2012. 
267. Bioabonos Morines Alto. Venta de biol y biosol. 2015 [cited 2015 March, 
20]; Available from: http://bioabonos.blogspot.com/p/venta-de-biol-y-
biosol.html. 
268. Alibaba. Gibberellic acid. 2015 [cited 2015 January 12]; Available from: 
http://www.alibaba.com/showroom/gibberellic-acid.html. 
274 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
269. xylitolcanada, Xylitol price list. Available in: http://www.xylitolcanada.com, 
2012. 
270. Fedebiocombustibles, Etanol anhidro de caña. Cifras Informativas del 
Sector Biocombustibles, 2011. 
271. Fuente- ern ndez, A., et al., Biofuels and Co-Products Out of 
Hemicelluloses, in Liquid, Gaseous and Solid Biofuels-Conversion 
Techniques, Z. Fang, Editor 2013. 
272. Xiang, Z. and T. Runge, Co-production of feed and furfural from dried 
distillers’ grains to improve corn ethanol profitability. Industrial Crops and 
Products, 2014. 55(0): p. 207-216. 
273. Eggleston, H., 2006 IPCC Guidelines for National Greenhouse Gas 
Inventories. Forestry, 2006. 5(OVERVIEW): p. 1-12. 
274. Food and Agriculture Organization of the United Nations. FAOSTAT. 2014; 
Available from: 
http://faostat.fao.org/site/567/DesktopDefault.aspx?PageID=567#ancor. 
275. Martínez, E.A., et al., The influence of pH and dilution rate on continuous 
production of xylitol from sugarcane bagasse hemicellulosic hydrolysate by 
C. guilliermondii. Process Biochemistry, 2003. 38: p. 1677-1683. 
276. Hernández-Salas, J.M., et al., Comparative hydrolysis and fermentation of 
sugarcane and agave bagasse. Bioresource Technology, 2009. 100: p. 
1238-1245. 
277. Chandel, A.K., et al., Detoxification of sugarcane bagasse hydrolysate 
improves ethanol production by Candida shehatae NCIM 3501. 
Bioresource Technology, 2007. 98: p. 1947-1950. 
278. Cheng, K.K., et al., Sugarcane bagasse hemicellulose hydrolysate for 
ethanol production by acid recovery process. Biochemical Engineering 
Journal, 2008. 38: p. 105-109. 
279. Restuti, D. and A. Michaelowa, The economic potential of bagasse 
cogeneration as CDM projects in Indonesia. Energy Policy, 2007. 35: p. 
3952-3966. 
280. Quintero, J.A., et al., Fuel ethanol production from sugarcane and corn: 
Comparative analysis for a Colombian case. Energy & Fuels, 2008. 33: p. 
385-399. 
281. Adsul, M.G., et al., Polysaccharides from bagasse: applications in cellulase 
and xylanase production. Carbohydrate Polymers, 2004. 57: p. 67-72. 
282. Almazán, O., L. González, and L. Gálvez, The sugarcane, its byproducts 
and co-products. Sugar Cane International, 2001. 7: p. 3-8. 
283. Pattra, S., et al., Bio-hydrogen production from the fermentation of 
sugarcane bagasse hydrolysate by Clostridium butyricum. International 
journal of hydrogen energy, 2008. 33: p. 5256-5265. 
284. Laser, M., et al., A comparison of liquid hot water and steam pretreatments 
of sugar cane bagasse for bioconversion to ethanol. Bioresource 
Technology, 2002. 81: p. 33–44. 
285. Quintero, J.A., et al., Techno-economic analysis of bioethanol production in 
Africa: Tanzania case. Energy, 2012. 48(1): p. 442-454. 
References 275 
 
286. Sugumaran, P. and S. Seshadri, Evaluation of selected biomass for 
charcoal production. Journal of Scientific and Industrial Research, 2009. 
68: p. 719-723. 
287. Goh, C.S., et al., Bio-ethanol from lignocellulose: Status, perspectives and 
challenges in Malaysia. Bioresource Technology, 2010. 101: p. 4834-4841. 
288. Guo, G.L., et al., Characterization of enzymatic saccharification for acid-
pretreated lignocellulosic materials with different lignin composition. 
Enzyme and Microbial Technology, 2009. 45: p. 80-87. 
289. Zhao, X.Q. and F.W. Bai, Mechanisms of yeast stress tolerance and its 
manipulation for efficient fuel ethanol production. Journal of Biotechnology, 
2009. 144(1): p. 23-30. 
290. Peng, F., et al., Comparative Study of Hemicelluloses Obtained by Graded 
Ethanol Precipitation from Sugarcane Bagasse. Journal of Agricultural and 
Food Chemistry, 2009. 57(14): p. 6305-6317. 
291. Li, X., R. Kondo, and K. Sakai, Biodegradation of sugarcane bagasse with 
marine fungusPhlebia sp. MG-60. Journal of Wood Science, 2002. 48(2): p. 
159-162. 
292. Pandey, A., et al., Biotechnological potential of agro-industrial residues. I: 
sugarcane bagasse. Bioresource Technology, 2000. 74(1): p. 69-80. 
293. Uras, Ü., et al., Physico-chemical characterization of biochars from vacuum 
pyrolysis of South African agricultural wastes for application as soil 
amendments. Journal of Analytical and Applied Pyrolysis, 2012. 98(0): p. 
207-213. 
294. Ewanick, S. and R. Bura, The effect of biomass moisture content on 
bioethanol yields from steam pretreated switchgrass and sugarcane 
bagasse. Bioresource Technology, 2011. 102(3): p. 2651-2658. 
295. Rezende, C.A., et al., Chemical and morphological characterization of 
sugarcane bagasse submitted to a delignification process for enhanced 
enzymatic digestibility. Biotechnology for Biofuels, 2011. 4(54): p. 1-18. 
296. Pattra, S., et al., Bio-hydrogen production from the fermentation of 
sugarcane bagasse hydrolysate by Clostridium butyricum. International 
Journal of Hydrogen Energy, 2008. 33(19): p. 5256-5265. 
297. Carrier, M., et al., Production of char from vacuum pyrolysis of South-
African sugar cane bagasse and its characterization as activated carbon 
and biochar. Journal of Analytical and Applied Pyrolysis, 2012. 96(0): p. 24-
32. 
298. Rincón, L.E., J. Moncada, and C.A. Cardona, Analysis of potential 
technological schemes for the development of oil palm industry in 
Colombia: A biorefinery point of view. Industrial Crops and Products, 2014. 
52(0): p. 457-465. 
299. Moncada, J., J. Tamayo, and C.A. Cardona, Evolution from biofuels to 
integrated biorefineries: techno-economic and environmental assessment 
of oil palm in Colombia. Journal of Cleaner Production, 2014. 81(0): p. 51-
59. 
276 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
300. Observatorio Agrocadenas Colombia, Estructura y dinámica en Colombia 
1992-2005, in Agroindustria y Competitividad62005, Ministerio de 
Agricultura y Desarrollo Rural. 
301. Geng, A., Conversion of Oil Palm Empty Fruit Bunch to Biofuels, in Liquid, 
Gaseous and Solid Biofuels-Conversion Techniques, Z. Fang, Editor 2013, 
InTech. 
302. Abdul, A., M. Husin, and A. Mokhtar, Preparation of cellulose from Oil Palm 
Empty Fruit Bunches via ethanol digestion: Effect of acid and alkali 
catalysts. Journal of oil palm research, 2002. 14: p. 9-14. 
303. Wan Zahari, M. and A.R. Alimon, Use of palm kernel cake and oil palm 
byproducts in compound feed. Palm Oil Developments, 2004. 40: p. 5-9. 
304. Abdullah, N., F. Sulaiman, and H. Gerhauser, Characterisation of Oil Palm 
Empty Fruit Bunches for Fuel Application. Journal of Physical Science, 
2011. 22(1): p. 1-24. 
305. Kerdsuwan, S. and K. Laohalidanond, Renewable Energy from Palm Oil 
Empty Fruit Bunch, in Renewable Energy from Palm Oil Empty Fruit Bunch, 
Renewable Energy-Trends and Applications, M. Nayeripour, Editor 2011, 
InTech. 
306. Federación Nacional de Biocombustibles de Colombia. "BIOS" de talla 
mundial. 2013 [cited 2015 January 20]; Available from: 
http://www.fedebiocombustibles.com/nota-web-id-1347.htm. 
307. Alianza SNV-Cecodes, Las alianzas productivas estratégicas en palma de 
aceite, Fedepalma. 
308. Food and Agriculture Organization of the United Nations, Gasification, in 
Bioenergy and Food Security Rapid Appraisal (BEFS RA)2014, Food and 
Agriculture Organization of the United Nations,. 
309. Chen, H., Lignocellulose Biorefinery Engineering: Principles and 
Applications2015: Elsevier Science. 
310. Unidad de Planeación Minero Energética, Resolución 355 de 2004, 2004. 
311. Aparcana, S.R. and A. Jansen, Estudios del valor fertilizante de los 
productos del proceso "Fermentación anaeróbica" para producción de 
biogás, German ProfEC. 
312. Pires, A.M.M., et al., Organic acids in the rhizosphere and phytoavailability 
of sewage sludge-borne trace elements. Pesquisa Agropecuária Brasileira, 
2007. 42: p. 917-924. 
313. Clarke, W.P., et al., Digestion of waste bananas to generate energy in 
Australia. Waste Management, 2008. 28(3): p. 527-533. 
314. Deep Resource. Energy related conversion factors. 2012  [cited 2015 May 
01]; Available from: 
https://deepresource.wordpress.com/2012/04/23/energy-related-
conversion-factors/. 
315. Sustainable sanitation and water management. Direct use of biogas.  [cited 
2015 May 01]; Available from: http://www.sswm.info/content/direct-use-
biogas. 
References 277 
 
316. Kumar, P.K.R. and B.K. Lonsane, Gibberellic acid by solid state 
fermentation: Consistent and improved yields. Biotechnology and 
Bioengineering, 1987. 30(2): p. 267-271. 
317. Brand, D., et al., Microbial Degradation of Caffeine and Tannins from 
Coffee Husk, in Coffee Biotechnology and Quality, T. Sera, et al., Editors. 
2000, Springer Netherlands. p. 393-400. 
318. Duque, S.H. and C.A. Cardona, Fermentación, diseño de proceso, 
evaluación económica y ambiental de Cascarilla de Café, in Desarrollo de 
un proceso de obtención de alcohol carburante a partir de residuos 
lignocelulósicos de Caldas empleando celulasas obtenidas in situ y 
procesos integrados2012, Universidad de Caldas, Universidad Nacional de 
Colombia Sede Manizales. 
319. Mhilu, C.F., Analysis of Energy Characteristics of Rice and Coffee Husks 
Blends. ISRN Chemical Engineering, 2014. 2014: p. 6. 
320. Cortez, A.G., Uso de Energias Renovables en el beneficiado de café, in 1º 
feria de producción más limpia y consumo sustentable2009: Salvador. 
321. Braham, J.E. and R. Bressani, Coffee pulp: Composition, technology and 
Utilization, J.E. Braham and R. Bressani, Editors., Institute of Nutrition of 
Central America and Panama. 
322. Salazar, J., C.D. García, and M. Olaya, Dosificación de hormigones ligeros 
con cascarilla de café. Ingeniería e Investigación: p. 51-56. 
323. Franca, A.S. and L.S. Oliveira, Coffee Processing Solid Wastes: Current 
Uses And Future Perspectives, in Agricultural Wastes, G.S. Ashworth and 
P. Azevedo, Editors. 2009, Nova Science Publishers. p. 155-189. 
324. Braz, C.E. and P.M. Crnkovic, Physical – Chemical Characterization of 
Biomass Samples for Application in Pyrolysis Process. Chemical 
Engineering Transactions, 2014. 37: p. 523-528. 
325. Mbugua, M.W., et al., Characterization of the Physical Parameters of 
Coffee Husks towards Energy Production. International Journal of 
Emerging Technology and Advanced Engineering, 2014. 4(9): p. 715-720. 
326. SEA, S.d.E.A.-. Estadísticas Agroforestales 1987-2013. 2014  [cited 2015 
January 05]; Available from: 
http://www.agronet.gov.co/agronetweb1/Estad%C3%ADsticas.aspx. 
327. Comité Departamental de Cafeteros de Caldas, Informe comités 
departamentales, Comité Departamental de Cafeteros de Caldas. 
328. Arenas, D., Propuesta de diseño de un proceso para la generación de 
energía eléctrica a partir de los residuos de la producción de café, in 
Facultad de Ingeniería2009, Pontificia Universidad Javeriana. 
329. Adewole, E., et al., Phytochemical Constituents and Proximate Analysis of 
Orange Peel (citrus Fruit). Journal of Advanced Botany and Zoology, 2014. 
1(3): p. 1-2. 
330. Miranda, R., et al., Characterization of Pyrolysis Products Obtained During 
the Preparation of Bio-Oil and Activated Carbon, in Lignocellulosic 
Precursors Used in the Synthesis of Activated Carbon-Characterization 
Techniques and Applications in the Wastewater Treatment, V. Hernández, 
Editor 2012, InTech. 
278 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
331. Ververis, C., et al., Cellulose, hemicelluloses, lignin and ash content of 
some organic materials and their suitability for use as paper pulp 
supplements. Bioresource Technology, 2007. 98(2): p. 296-301. 
332. Torrado, A.M., et al., Citric acid production from orange peel wastes by 
solid-state fermentation. Brazilian Journal of Microbiology, 2011. 42(394-
409). 
333. Jekayinfa, S.O. and O.S. Omisakin, The Energy Potentials of Some 
Agricultural Wastes as Local Fuel Materials in Nigeria. Agricultural 
Engineering International, 2005. VII. 
334. Boumediene¹, M., et al., Characterization of two cellulosic waste materials 
(orange and almond peels) and their use for the removal of methylene blue 
from aqueous solutions. Maderas. Ciencia y tecnología, 2015. 17: p. 69-84. 
335. Chew, K.H., et al., Industrial implementation issues of Total Site Heat 
Integration. Applied Thermal Engineering, 2013. 61(1): p. 17-25. 
336. Sánchez, J., Fertilidad del suelo y nutrición mineral de las plantas. 
Conceptos básicos. FERTITEC S.A., 2007. 
337. Food and Agriculture Organization of the United Nations, Current world 
fertilizer trends and outlook to 2016, 2012. 
338. Winnings, J.H., Effects of Organically Enhanced Biofertilizer and Fertilizer 
Briquettes on Mineral Nutrition, Quality, and Yield of Corn and Soil Health, 
2014, The University of Tennesse. 
339. Lin, C., Meat bone meal as nitrogen and phosphorous fertilizer, in 
Department of applied biology2008, University of Helsinki. 
340. International Fertilizer Industry Association. Main fertilizers.  [cited 2015 
January 20]; Available from: 
http://www.fertilizer.org/En/Knowledge_Resources/About_Fertilizers/About_
Fertilizers_Home_Page.aspx?WebsiteKey=411e9724-4bda-422f-abfc-
8152ed74f306&New_ContentCollectionOrganizerCommon=2#New_Conten
tCollectionOrganizerCommon. 
341. World Resources Forum. Resource Snapshot: Phosphorus. 2015  [cited 
2015 April 27]; Available from: http://www.wrforum.org/publications/wrf-
publications/resource-snapshot-5-phosphorus/. 
342. Cordell, D., The Story of Phosphorus: missing global governance of a 
critical resource, in SENSE Earth Systems Governance2008: Amsterdam. 
343. Rosemarin, A., The Precarious Geopolitics of Phosphorus, Down to Earth. 
Science and Environment Fortnightly, 2004: p. 27-31. 
344. Rosemarin, A., G. de Brujine, and I. Caldwell, The Next Inconvenient Truth-
Peak Phosphoruos. The Broker, 2009(15): p. 6-9. 
345. Cordell, D., J. Dragert, and S. White, The Story of Phosphorus: Global 
Food Security and Food for Thought. Global Environmental Change, 2009. 
19: p. 262-305. 
346. de Haes, H.A.U., et al., Phosphate From Surplus to Shortage, 2009, Policy 
memorandum of the Steering Committee for Technology Assessment of the 
Ministry of Agriculture, Nature and Food Quality, Ministry of Agriculture, 
Nature and Food Quality, Culemborg, The Netherlands. . 
References 279 
 
347. Vaccari, D.A., Phosphorus: A Looming Crisis. Scientific American, 
2009(300): p. 54-59. 
348. Van Kauwenbergh, S.J., World Phosphate Rock Reserves and Resources 
2010, International Fertilizer Development Center. 
349. Johnston, A.E., Understanding potassium and its use in agriculture, 
European Fertilizer Manufacters Association. 
350. Production and Use of Potassium. Better Crops, 1998. 82(3): p. 6-8. 
351. Gerpen, J.V., Biodiesel processing and production. Fuel Processing 
Technology, 2005. 86(10): p. 1097-1107. 
352. Cataño, E.H., Obtención y Caracterización de Nanofibras de Celulosa a 
partir de Desechos Agroindustriales, 2009, Universidad Nacional de 
Colombia 
353. Echavarría, A., Residuos de  fique y caña, útiles en la producción de 
plásticos, in Unimedios2008. 
354. Rodríguez, O.V. and H. Hanssen, Obtención de Dextrano y Fructosa 
Utilizando Residuos Agroindustriales con la Cepa Leuconostoc 
mesenteroides NRRL B512-F. Revista EIA, 2007. 7: p. 159-172. 
355. Cujía, G. and A. Bula, Potencial Obtención de Gas De Síntesis Para la 
Producción de Metanol a partir de la Gasificación de Residuos de Palma 
Africana. Interciencia, 2010. 35(2). 
356. Quintana, G., M. Arroyave, and D.E. Suárez, Obtención de Pulpa a partir 
de los Residuos de Palma Africana Pretratados con Steam Explosion, in V 
Congreso Iberoamericano de Investigación en Celulosa y Papel2008. 
357. Alaniz, O.G., Adición de Residuo de la Industria Cervecera al Ensilaje de 
Maíz como alternativa de forraje para Ganado, 2008, Instituto Politécnico 
Nacional, México. 
358. Rodríguez, A., et al., Use of high-boiling point organic solvents for pulping 
oil palm empty fruit bunches. Bioresource Technology, 2008. 99(6): p. 
1743-1749. 
359. Sierra, J., Alternativas de Aprovechamiento de la Cascarilla de Arroz en 
Colombia, 2009, Universidad de Sucre. 
360. de Fonseca, E., Metano En Residuos Domésticos, in II Simposio 
Iberoamericano de Ingeniería de Residuos2009: Barranquilla, Colombia. 
361. Motato, K.E., A.I. Mejía, and A. León, Evaluación de los Residuos 
Agroindustriales de Plátano (Musa Paradisíaca) y Aserrín de Abarco 
(Cariniana Piriformes) como Sustratos para el Cultivo del Hongo Pleurotus 
djamor. Revista Vitae, 2006. 13(1). 
362. Castellanos, F.J. and J.C. Lucas, Caracterización Física del Fruto en 
Variedades de Plátano Cultivadas en la Zona Cafetera en Colombia. Acta 
Agronómica, 2011. 60(2): p. 176-182. 
363. Marmolejo, L.F., et al., Aprovechamiento de los Residuos Sólidos 
Generados en pequeñas Industrias de almidón Agrio de Yuca. Livestock 
Research for Rural Development, 2008. 20(7). 
364. Patiño, H., et al., Sustainable and competitive use as livestock feed of 
some co-products, by-products and effluents generated in the bio-ethanol 
industry, in Biofuel co-products as livestock feed: Opportunities and 
280 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
challenges, H.P.S. Makkar, Editor 2014, Food and Agriculture Organization 
of the United Nations,. 
365. Rodríguez, N., Manejo de residuos en la industria cafetera. Seminario 
Internacional Gestión integral de residuos sólidos y peligrosos. 
366. FENALCE, Importancia de los Cultivos Representados por Fenalce: El 
Cultivo del Fríjol, El Cerealista. 2010. 
367. López, A., et al., Comparación de diferentes procesos para el 
aprovechamiento de residuos agroindustriales de naranja (citrus sinensis) 
variedad valencia mediante análisis multivariada, in II Simposio 
Internacional y III Nacional Agroalimentario2011: Colombia. 
368. Yepes, S.M., L.J. Montoya, and F. Orozco, Valorización de Residuos 
Agroindustriales–Frutas–en Medellín y el Sur del Valle del Aburrá, 
Colombia. Revista Facultad Nacional de Agronomía Medellín, 2008. 61(1): 
p. 4422-4431. 
369. Espinal, C.F., H.J. Martínez, and Y. Peña, La Cadena de Cítricos en 
Colombia, Documento de Trabajo No. 107, 2005, Ministerio de Agricultura 
y Desarrollo Rural Observatorio Agrocadenas Colombia. 
370. Ministerio de Agricultura y Desarrollo Rural and Corporación Colombia 
Internacional, Inteligencia de Mercados: Piña. 2002. 
371. Polanco, C., Comercialización de Madera en Colombia y sus 
Oportunidades. Refocosta, 2007. 
372. García, A.M. and R.G. Torres, Producción de Enzimas Lignolíticas por 
Basidiomycetes Mediante la Técnica de Fermentación en Sustrato Sólido. 
Revista Colombiana de Biotecnología, 2003. 5: p. 56-64. 
373. Navarrete, C., et al., Extracción y Caracterización del Aceite Esencial de 
Mandarina Obtenido de Residuos Agroindustriales. Dyna, 2010. 77(162): p. 
85-92. 
374. Ospina, S.M., E. Hernández, and C.A. Lozano, Estudio Experimental del 
Proceso de Fermentación de Residuos Agroindustriales del Mango 
(Mangifera Indica L) dsando Saccharomyces cerevisiae, in 
Bacteriología2012, Universidad Católica de Manizales. 
375. Mejía, L.F., et al., Aprovechamiento del residuo Agroindustrial del Mango 
común (Mangifera indica L.) en la Obtención de Azucares Fermentables. 
Ingeniería y ciencia, 2007. 3(6): p. 41-62. 
376. Torres, V.I., Determinación del Potencial Nutritivo y Funcional de Guayaba 
(Psidium guajava L), Cocona (Solanum Sessiliflorum Dunal) y Camu Camu 
(Myrciaria dubia Vaugh), 2010, Escuela Politécnica Nacional. 
377. González, I.A., Caracterización Química del Color de Diferentes 
Variedades de Guayaba (Psidium Guajava L.) Colombiana, 2010, 
Universidad Nacional de Colombia. 
378. Franco, G. and M.J. Giraldo, El Cultivo de la Mora, 1998, Corporación 
Colombiana de investigación Agropecuaria y Regional. 
379. Díaz, C.A., Categorización de la latencia en semillas de mora (Rubus 
glaucus Benth.), para el apoyo a programas de mejoramiento y 
References 281 
 
conservación de la especie, in Facultad de Ciencias Agrarias2011, 
Universidad Nacional de Colombia. 
380. Sánchez, W. and E. Murillo, Potencial Antioxidante de Residuos 
Agroindustriales de Tres Frutas de Alto Consumo en el Tolima. Scientia et 
Technica, 2010. 17(46). 
381. Durán, J.D. and G.A. Méndez, Plan de Negocios para Exportar Maracuyá y 
Cholupa como Fruta Fresca y/o en Pulpa hacia Canadá, 2008, Pontificia 
Universidad Javeriana. 
382. Ministerio de Agricultura y Desarrollo Rural and Corporación Colombia 
Internacional, Inteligencia de Mercados: Maracuyá. 2003. 
383. Bonilla-Lavado, H.A., N.B. Vasquez-Acosta, and J.A. Rubiano-Rodríguez, 
Evaluación de Residuos Orgánicos (Coco y Aserrín) como Sustratos para 
la Producción de Pleurotus ostreatus (Jacq: Fr.) en Buenaventura. Revista 
Institucional. Universidad Tecnológica del Chocó D. L. C., 2006. 24: p. 54-
59. 
384. Álvarez, E., Aprovechamiento del Aserrín Mediante su Transformación 
Hidrolítica y como Fuente de Biomasa. Revista Forestal Centroamericana, 
1999: p. 67-69. 
385. Hernández, R.A. and C.L. López, Evaluación del Crecimiento y Producción 
de Pleurotus Ostreatus Sobre Diferentes Residuos Agroindustriales del 
Departamento de Cundinamarca, 2007, Pontificia Universidad Javeriana. 
386. Villegas, V., A.M. Pérez, and C. Arredondo, Evaluación de la producción 
del Hongo Lentinula edodes Pegler en Bloques sintéticos a base de 
residuos agroindustriales. Ingeniería y ciencia, 2007. 3(6): p. 23-39. 
387. Cuéllar, O.A., Obtención del Extracto Polar Etanol: Agua (1:1) de la 
Cáscara de Cacao y Evaluación de su Actividad Antibacteriana, 2010, 
Universidad Tecnológica De Pereira 
388. Cerón, I.X., J.C. Higuita, and C.A. Cardona, Capacidad antioxidante y 
contenido fenólico total de tres frutas cultivadas en la región andina. 
Vector, 2010. 5: p. 7-16. 
389. Revelo, V.H., Evaluación de la calidad poscosecha en genotipos 
mejorados e injertos de tomate de árbol (Solanum betaceum Cav.), in 
Facultad de Ingeniería Química y Agroindustria2011, Escuela Politécnica 
Nacional. 
390. Serra Bonveh  , J. and F. Ventura Coll, Protein quality assessment in cocoa 
husk. Food Research International, 1999. 32(3): p. 201-208. 
391. Quintero, M., et al., Enhancement of starting up anaerobic digestion of 
lignocellulosic substrate: fique’s bagasse as an example. Bioresource 
Technology, 2012. 108(0): p. 8-13. 
392. Dagua-Mosquera, C.F., D. Dagua-Mosquera, and S.M. Les-Velasco, 
Evaluación De Los Efluentes Provenientes De La Agroindustria Del Fique 
En El Municipio De Totoró – Cauca. Facultad de Ciencias Agropecuarias, 
2008. 6(2). 
393. Fundación Codesarrollo, Fomento del Cultivo del Fique Como Alternativa 
de Diversificación en los Municipios de Támesis, Jericó y Montebello del 
282 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
Departamento de Antioquia, 2007, Ministerio de Agricultura y Desarrollo 
Rural República de Colombia. 
394. Márquez, C.J., Caracterización Fisiológica, Físico-Química, Reológica, 
Nutraceútica, Estructural y Sensorial De La Guanábana (Annona Muricata 
L. Cv. Elita), 2009, Universidad Nacional de Colombia. 
395. Ministerio de Agricultura y Desarrollo Rural and Corporación Colombia 
Internacional, Inteligencia de Mercados: Uchuva. 2001. 
396. Cedeño, M.M. and D.M. Montenegro, Plan Exportador, Logistico y de 
Comercialización de Uchuva al Mercado de los Estados Unidos para 
Frutexpo S.C.I. LTDA., 2004, Pontificia Universidad Javeriana. 
397. Fischer, G., et al., Avances en cultivo, Poscosecha y Exportación de la 
Uchuva Physalis peruvirana L. en Colombia, 2005, Universidad Nacional 
de Colombia. 
398. Korres, N., et al., Bioenergy Production by Anaerobic Digestion: Using 
Agricultural Biomass and Organic Wastes2013: Taylor & Francis. 
399. Straka, F., et al. Anaerobic fermentation in Eleventh International Waste 
Management and Landfill Symposium. 2007. Cagliari, Italy: CISA, 
Environmental Sanitary Engineering Centre. 
400. Nijaguna, B.T., Biogas Technology2006: New Age International. 
401. Rajendran, K., S. Aslanzadeh, and M. Taherzadeh, Household Biogas 
Digesters—A Review. Energies, 2012. 5: p. 2911-2942. 
402. Austin, G. and G. Morris, Biogas Production in Africa, in Bioenergy for 
Sustainable Development in Africa, R. Janssen and D. Rutz, Editors. 2012, 
Springer Netherlands. p. 103-115. 
403. Lomas, J.M., C. Urbano, and L.M. Camarero, Evaluation of a pilot scale 
downflow stationary fixed film anaerobic reactor treating piggery slurry in 
the mesophilic range. Biomass and Bioenergy, 1999. 17(1): p. 49-58. 
404. Fuentes, M., et al., Experimental and theoretical investigation of anaerobic 
fluidized bed biofilm reactors. Brazilian Journal of Chemical Engineering, 
2009. 26: p. 457-468. 
405. Chan, Y.J., et al., A review on anaerobic–aerobic treatment of industrial 
and municipal wastewater. Chemical Engineering Journal, 2009. 155(1–2): 
p. 1-18. 
406. Wang, L.K., et al., Waste Treatment in the Food Processing Industry2005: 
CRC Press. 
407. Monson, K.D., et al., Anaerobic digestion of biodegradable municipal 
wastes. A review, 2007, SERC. Sustainable Environment Research Center. 
University of Glamorgan. 
408. Shete, B.S. and N.P. Shinkar, Kinetic modeling for anaerobic digestion: A 
review. International Journal of Civil Engineering and Technology, 2014. 
5(2): p. 127-136. 
409. Oliveira, I., et al., Characterization of Cynara cardunculus L. stalks and their 
suitability for biogas production. Industrial Crops and Products, 2012. 40(0): 
p. 318-323. 
References 283 
 
410. Zhu, J., C. Wan, and Y. Li, Enhanced solid-state anaerobic digestion of 
corn stover by alkaline pretreatment. Bioresource Technology, 2010. 
101(19): p. 7523-7528. 
411. Xie, S., et al., Effects of thermo-chemical pre-treatment of grass silage on 
methane production by anaerobic digestion. Bioresource Technology, 
2011. 102(19): p. 8748-8755. 
412. Zhang, R. and Z. Zhang, Biogasification of rice straw with an anaerobic-
phased solids digester system. Bioresource Technology, 1999. 68(3): p. 
235-245. 
413. Neves, L., et al., Enhancement of methane production from barley waste. 
Biomass and Bioenergy, 2006. 30(6): p. 599-603. 
414. Pakarinen, O.M., P.L.N. Kaparaju, and J.A. Rintala, Hydrogen and methane 
yields of untreated, water-extracted and acid (HCl) treated maize in one- 
and two-stage batch assays. International Journal of Hydrogen Energy, 
2011. 36(22): p. 14401-14407. 
415. Zhang, Q., et al., Optimization of thermal-dilute sulfuric acid pretreatment 
for enhancement of methane production from cassava residues. 
Bioresource Technology, 2011. 102(4): p. 3958-3965. 
416. Kivaisi, A.K. and S. Eliapenda, Pretreatment of bagasse and coconut fibres 
for enhanced anaerobic degradation by rumen microorganisms. Renewable 
Energy, 1994. 5(5–8): p. 791-795. 
417. Badshah, M., et al., Use of an Automatic Methane Potential Test System 
for evaluating the biomethane potential of sugarcane bagasse after 
different treatments. Bioresource Technology, 2012. 114(0): p. 262-269. 
418. Ghosh, A. and B.C. Bhattacharyya, Biomethanation of white rotted and 
brown rotted rice straw. Bioprocess Engineering, 1999. 20(4): p. 297-302. 
419. Müller, H.W. and W. Trösch, Screening of white-rot fungi for biological 
pretreatment of wheat straw for biogas production. Applied Microbiology 
and Biotechnology, 1986. 24(2): p. 180-185. 
420. Frigon, J.-C., P. Mehta, and S.R. Guiot, Impact of mechanical, chemical 
and enzymatic pre-treatments on the methane yield from the anaerobic 
digestion of switchgrass. Biomass and Bioenergy, 2012. 36(0): p. 1-11. 
421. Sonakya, V., N. Raizada, and V. Kalia, Microbial and enzymatic 
improvement of anaerobic digestion of waste biomass. Biotechnology 
Letters, 2001. 23(18): p. 1463-1466. 
422. Pericin, D., et al., Evaluate of pumpkin oil cake as substrate for the 
cellulase production by Penicillium roqueforti in solid state fermentation. 
Roumanian Biotechnological Letters, 2008. 13(4): p. 3815-3820. 
423. Borucki Castro, S.I., et al., Ruminal Degradability and Intestinal Digestibility 
of Protein and Amino Acids in Treated Soybean Meal Products. Journal of 
Dairy Science, 2007. 90(2): p. 810-822. 
424. Batal, A., N. Dale, and M. Café, Nutrient Composition of Peanut Meal. The 
Journal of Applied Poultry Research, 2005. 14(2): p. 254-257. 
425. Sivaramakrishnan, S. and D. Gangadharan, Edible Oil Cakes, in 
Biotechnology for Agro-Industrial Residues Utilisation, P. Singh nee’ Nigam 
and A. Pandey, Editors. 2009, Springer Netherlands. p. 253-271. 
284 Techno – economic and environmental assessment of the use of 
lignocellulosic residues for biofertilizers production 
 
426. Bell, J.M., Nutrients and toxicants in rapeseed meal: A review. Journal of 
Animal Science, 1984. 58(4): p. 996-1010. 
427. Ramachandran, S., et al., Mixed substrate fermentation for the production 
of phytase by Rhizopus spp. using oilcakes as substrates. Process 
Biochemistry, 2005. 40(5): p. 1749-1754. 
428. Ramachandran, S., et al., Oil cakes and their biotechnological applications 
– A review. Bioresource Technology, 2007. 98(10): p. 2000-2009. 
429. Rani, R. and S. Ghosh, Production of phytase under solid-state 
fermentation using Rhizopus oryzae: Novel strain improvement approach 
and studies on purification and characterization. Bioresource Technology, 
2011. 102(22): p. 10641-10649. 
430. Ghosh, S., et al., Optimization of L-asparaginase production by Serratia 
marcescens (NCIM 2919) under solid state fermentation using coconut oil 
cake. Sustainable Chemical Processes, 2013. 1(1): p. 1-8. 
431. Dairo, F.A.S. and A.O. Fasuyi, Evaluation of fermented palm kernel cake 
meal and and fermented copra meal proteins as substitute for soybean 
meal protein in laying hens diets. Journal of Central European Agriculture, 
2008. 9(1): p. 35-44. 
 
 
